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Abstract 
 
The establishment of neuronal connectivity requires a series of highly 
orchestrated events including neuronal migration, axon guidance, dendritic patterning, 
synapse formation and elimination, and circuit remodeling.  Understanding the 
developmental programs and molecular machinery that underlie these processes is 
essential in order to unravel how the nervous system is assembled and how it functions.        
The central aim of my thesis was to define the molecular and cellular mechanisms 
that govern the establishment of neuronal connectivity in the visual system, with a focus 
on murine retina circuitry assembly and retinorecipient targeting.  My experiments first 
addressed the roles played by class 6 transmembrane semaphorins and their receptors in 
the functional assembly of retinal direction-selective circuits and in the development of 
the accessory optic system.  Through extensive phenotypic analyses, genetic labeling and 
manipulation, and functional assays I uncovered the roles played by Sema6A and its 
receptor PlexA2 in defining On versus Off direction-selective pathways.  In addition, I 
discovered that PlexA2 and PlexA4 act in concert to mediate Sema6A-dependent 
development and function of the accessory optic visual system.  These findings provide 
novel insight into how a guidance cue, in this case Sema6A, serves as molecular 
determinant to distinguish structurally similar but functionally distinct retinal circuits, 
and how the same guidance molecules are utilized multiple times, at times through 
distinct mechanisms, to regulate different aspects of retinal development. 
In collaboration with Dr. Martín Riccomagno, a postdoctoral fellow in the 
Kolodkin laboratory, my work next investigated the molecular mechanisms that sculpt 
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single-cell ganglion cell layer (GCL) formation.  Through extensive genetic analyses and 
in vivo manipulation experiments, I found that Cas family adaptor proteins are essential 
for correct cell body lamination of retinal ganglion cell (RGCs) during development.  
These findings for the first time reveal in vivo roles played by vertebrate Cas proteins 
during neural development, shedding light on the basic principle of how the nervous 
system is organized.  
Finally, my thesis work provides a foundation for future studies devoted to 
uncovering the entire spectrum of molecules and signaling events required for retinal cell 
migration, dendritic stratification, axon guidance, and retinorecipient targeting.  My 
functional studies and observations in the mammalian retina will also enrich our 
knowledge with respect to the basic principles underlying neural circuit assembly, 
thereby advancing our understanding of the establishment of neuronal connectivity across 
the entire nervous system. 
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Chapter 1.  Introduction 
 
 
Establishment of neuronal connectivity  
The establishment of neuronal connectivity is a fundamental process that allows 
organisms to execute diverse behaviors.  Vertebrates, including human beings, perceive 
the external world using sensory organs, compute and interpret this information using 
central nervous system circuits, and command certain behaviors by motor systems.  All 
of these essential functions of the nervous system depend on precise neural circuit 
assembly throughout development.  The establishment of neuronal connectivity consists 
of a series of events, including the generation and differentiation of neuronal cell types, 
neuronal migration, axon guidance, dendritic patterning, synapse formation, and 
remodeling of connections.  When neurons extend their processes to their synaptic 
partners, a highly specified and motile structure located in the tip of neuronal processes, 
called the “growth cone”, senses and interprets the external environment.  Over many 
years it has been found that both short-range and long-range environmental cues activate 
many guidance-cue signaling pathways to induce attractive or repulsive responses 
through a myriad of receptors located on the growth cone (Dickson, 2002; Kolodkin and 
Tessier-Lavigne, 2011; Tessier-Lavigne and Goodman, 1996).  In addition to axon 
pathfinding, guidance cue signaling pathways also regulate many other aspects of neural 
development, including neuronal migration, dendritic morphogenesis and patterning, 
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synapse formation and elimination, and circuit remodeling (Huber et al., 2003; Kolodkin 
and Tessier-Lavigne, 2011; Pasterkamp, 2012).  Therefore, understanding when, where, 
and how guidance-cue signaling functions in different aspects of neuronal development, 
is critical in deciphering the mechanisms underlying the establishment of neuronal 
connectivity.  
Over the past decades, much work has been devoted to revealing the basic 
principles of the neuronal connectivity both in the central nervous system and the 
peripheral nervous system.  For example, the columnar organization of the mammalian 
cortex, which is the fundamental structure for the establishment of neuron connectivity 
and the processing of neural information in the central nervous system, was revealed over 
half a century ago by Vernon Mountcastle (Mountcastle, 1957).  Moreover, studies of the 
sensory-motor system in the vertebrate peripheral nervous system provide insights into 
how different neuronal types develop and are functionally assembled, how specific 
synaptic connectivity is achieved, and how a neural circuit is linked to specific animal 
behaviors (Arber, 2012).  Nevertheless, due to the structural and functional complexities 
of these systems, many questions remain concerning the cellular and molecular 
mechanisms underlying the establishment of neuronal connectivity.  Therefore in my 
thesis, I chose a relatively simplified neuronal system, the mammalian visual system, as a 
model to investigate the molecular machinery that assembles neural circuits, hoping to 
reveal fundamental principles underlying nervous system development and function.   
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Structure and function of the vertebrate retina 
We perceive the external environment in part with our eyes.  The vertebrate retina 
is a thin neural tissue (~200 um) residing in the posterior region of the eyeball.  It 
receives visual stimuli and converts them into different patterns of neural activity; these 
are in turn transmitted from the retina to a variety of retinorecipient targets in the brain 
via optic nerves (Masland, 2012).  The precise interaction and transmission of visual 
information from the retina to central targets depends on accurate neuronal connectivity 
throughout the visual system (Sanes and Zipursky, 2010).  Therefore, how retinal circuits 
are assembled becomes a key question to understanding vision.  
 The vertebrate retina is composed of six neuronal cell types that reside in distinct 
neural layers (Masland, 2012) (Figure 1A).  The outer nuclear layer (ONL) contains cone 
and rod photoreceptor cells that receive photons and convert light signals into neuronal 
activity.  The inner nuclear layer (INL) harbors bipolar cells (BCs), horizontal cells 
(HCs), and amacrine cells (ACs), cell types that together transmit and modulate visual 
information ultimately conveyed to retinal ganglion cells (RGCs).  The ganglion cell 
layer (GCL) consists of displaced amacrine cells (dACs) and retinal ganglion cells 
(RGCs), the sole output neurons of the retina that relay visual information to the brain.  
Besides the six neuronal cell types, the vertebrate retina contains a major glial cell type, 
Müller glia, which extend their radially-oriented processes across the entire retina and 
serve fundamental roles in maintaining retinal homeostasis and regulating retinal 
metabolism (Jadhav et al., 2009a).   
The synapses of these six neuronal cell types in the vertebrate retina form only in 
two discrete layers: the outer plexiform layers (OPL) and the inner plexiform layers (IPL), 
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setting them apart from many of the other regions in the nervous system where synapses 
form continuously throughout the tissue (Sanes and Zipursky, 2010).  During 
development, each type of retinal neuron will extend its neurites and eventually target a 
designated location in the plexiform layers.   For example, the OPL is enriched with 
ribbon synapses that are formed among photoreceptor cells, horizontal cells, and bipolar 
cells.  The IPL, which develops somewhat earlier that the OPL, contains synapses that 
form between bipolar cells and ganglion cells, amacrine cells and ganglion cells, and 
between bipolar cells and amacrine cells.  The IPL can be further divided into ~10 
parallel sublaminae, each of which contains stratified retinal neuron processes that 
arborize in specific layers and form synapses among different subtypes of BCs, ACs, and 
RGCs (Sanes and Yamagata, 2009).   
In the vertebrate retina, visual information is processed by distinct retinal circuits 
that mediate On and Off parallel pathways, corresponding to an increment or decrement 
of light illumination, respectively (Chalupa and Gunhan, 2004; Schiller, 2010).  The 
parallel processing of the On and Off pathways is initiated at the level of bipolar cells; in 
response to increases in light illumination, On bipolar cells depolarize whereas Off 
bipolar cells hyperpolarize, whereas the opposite occurs in response to decreases in light 
illumination.  The axons of On and Off bipolar cells target two distinct regions in the 
IPL; On bipolar cells target the ventral half of the IPL, the “On” IPL, whereas Off bipolar 
cells innervate the dorsal half, the “Off” region, of the IPL.  On and Off bipolar cells then 
receive modulatory input from different subtypes of amacrine cells located in the INL 
and GCL, eventually resulting in visual information converging onto retinal ganglion 
cells, which relay these parallel information streams to the brain (Westheimer, 2007).  
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Understanding how these two parallel pathways develop is essential for unraveling the 
mechanisms underlying retinal circuitry assembly. 
The laminated structure and parallel visual information transmission within the 
vertebrate retina results from a sequential series of events during development, including 
the migration of retinal cells, axonal and dendritic targeting, target recognition, synapse 
formation and elimination, and circuit remodeling.  Developmental programs that control 
each step are critical for functional assembly of retinal circuits.  Here, I review our 
current understanding of each developmental event and summarize the remaining 
questions that I further investigated in my thesis.              
 
Lamina-specific neuronal cell body organization in the mammalian 
retina 
In the mature vertebrate retina, neuronal cell bodies are organized in discrete 
laminae: the ONL, INL, and GCL (Masland, 2012).  However, in the embryonic retina 
there are only two multi-layered neuroblastic layers: the outer neuroblastic layer (ONbL) 
and the inner neuroblastic layer (INbL).  Through late embryonic and early postnatal 
development, the multi-layered INbL begins to resolve into a single-cell GCL layer, 
while the ONbL separates into the ONL and the INL.  By P7, the three nuclear retina 
layers (ONL, INL, and GCL) are completely formed.  
The formation of the three nuclear layers in the vertebrate retina depends upon 
proper neuronal migration, which in turn is dependent upon interactions between 
neuronal processes and the developing basal membrane (Franco and Muller, 2011; Libby 
et al., 2000).  This differs from radial migration in the cerebral cortex, in which radial glia 
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provide a scaffold for the attachment and subsequent migration of cortical neurons.  In 
the retina, extracellular matrix (ECM) components within the inner part of the basal 
membrane, or inner limiting membrane (ILM), play instructive roles to regulate the 
migration of retinal progenitors; genetic depletion of ECM components, for instance 
laminins, dramatically disrupts neuronal migration and in turn causes malformation of the 
GCL (Libby et al., 2000; Pinzon-Duarte et al., 2010; Randlett et al., 2011).  How ECM 
ligands are sensed and interpreted by migrating retinal cells, and which molecular 
signaling pathways underlie this phenomenon, remain largely unknown.  Since the 
resolution of neuronal cell body position in developing retinal laminae is the very first 
step for retinal circuit assembly, unraveling the mechanisms underlying this 
developmental process is essential before investigating further how a particular retinal 
circuit, the direction-selective circuit, is functionally assembled.    
 
Perception of image motion and functional assembly of retinal 
direction-selective circuitry 
The perception of image motion is an essential visual function.  It is perceived by 
the appearance and disappearance of an image’s edges across the visual field.  These 
perceptions result from trains of action potentials fired by a distinct population of retinal 
ganglion cells: the direction-selective ganglion cells (DSGCs) (Vaney et al., 2012) 
(Figure 1B).  There are three types of DSGCs in the mammalian retina: On DSGCs, Off 
DSGCs, and On-Off DSGCs (Vaney et al., 2012).  These DSGCs stratify their dendrites 
within different IPL sublaminae, and they respond to the image motion in different ways.  
For example, On-Off DSGCs fire two trains of spikes in response to the appearance and 
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disappearance of the bright edges of an object moving in the “preferred” direction, 
whereas they do not fire action potentials when the object moves in the “null,” or non-
preferred, directions.  On DSGCs and Off DSGCs elicit spikes in response to “preferred” 
direction movement of bright or dark objects, respectively.  Within the same general class 
of DSGC there are multiple subpopulations, each of which are specifically tuned to 
distinct directional stimuli (Huberman et al., 2009; Kay et al., 2011; Rivlin-Etzion et al., 
2011).  It is generally believed that the diversity of DSGCs, in which each subtype is 
tuned along one of the four cardinal directions, allows the mammalian retina to sense 
object movement from all angles.  
On-Off DSGCs are among the best-characterized DSGCs with respect to their 
morphology, function, and participation in retinal direction-selective circuitry (Vaney et 
al., 2012).  On-Off DSGCs extend and bi-stratify their dendritic processes into the S2 and 
S4 sublaminae of the IPL, co-stratifying with ChAT+ starburst amacrine cell (SAC) 
dendrites and receiving mainly inhibitory input from SACs.  On-Off DSGCs also receive 
excitatory input form bipolar cells.  Therefore, bipolar cells, SACs, and DSGCs are the 
three essential components of direction-selective circuitry.  Over the past decades 
extensive work has led to our current understanding of the mechanisms underlying 
formation and modulation of direction-selectivity (Demb, 2007).  SACs, but not bipolar 
cells, are direction-selective (Euler et al., 2002; Park et al., 2014; Yonehara et al., 2013).  
In addition, inhibitory synapses between SACs and DSGCs become asymmetrically 
distributed along DSGC dendritic arbors during early-postnatal development; more 
synapses between SACs and DSGCs are found on the “null” side (Briggman et al., 2011), 
and the conductance of inhibitory synapses on the “null” side becomes stronger as 
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compared to those on the “preferred” side (Wei et al., 2011).  Therefore, when an object 
is moving in its preferred direction, less inhibition occurs between SACs and DSGCs 
whereas the excitatory inputs from bipolar cells remain the same, thereby generating a 
strong DSGC response.  In contrast, when an object is moving in the “null” direction 
DSGCs receive strong inhibition (a result of more inhibitory synapses and larger 
inhibitory conductances) from the SACs on the “null” side, canceling out the excitatory 
inputs from bipolar cells and thereby suppressing DSGC action potentials.  Although 
much is known about how direction-selectivity is generated, very little is known about 
how individual components of this circuitry develop, and how different neurons in the 
retina that comprise this circuit are assembled in order to compute directional information.  
SACs, the presynaptic inhibitory amacrine cells for DSGCs, are a key component 
of retina direction-selective circuitry.  Pharmacological ablation of these cells completely 
abolishes direction-selectivity (Yoshida et al., 2001).  Therefore, understanding how 
these cells develop and are incorporated into this circuitry is of great interest and 
significance, serving as an entry point for unraveling mechanisms that underlie the 
assembly of this circuitry.  Based on their cell body location and dendritic position, SACs 
can be subdivided into On and Off subtypes (Stacy and Wong, 2003).  On, or “displaced”, 
SACs reside in the GCL and stratify their dendrites within the S4 sublamina, forming 
synapses with On- and On-Off DSGCs.  Off SACs, on the other hand, are located in the 
INL and stratify their dendrites within the S2 sublamina, forming synapses with Off- and 
On-Off DSGCs.  Both types of SACs exhibit radially-symmetric dendritic morphology 
and mosaic cell body spacing (Whitney et al., 2008; Wong and Collin, 1989).  SAC 
dendrites from any individual cell exhibit striking self-avoidance, however they do not 
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tile with neighboring SACs (Stacy and Wong, 2003; Wong and Collin, 1989).  In recent 
years, our knowledge of the developmental programs that control SAC cell body mosaic 
spacing and dendritic development has greatly expanded (Kay et al., 2012; Lefebvre et al., 
2012).  However, many questions remain to be addressed.  For instance, how do On and 
Off SACs stratify their dendrites within two discrete sublaminae?  How do SACs achieve 
radially-symmetric dendritic morphology?  Do On and Off SACs utilize the same or 
different molecular mechanisms to elaborate their dendrites?  And, does defective SAC 
dendritic arborization have an effect on retina direction-selectivity?  Answering these 
questions is critical before further studying the next developmental event, the central 
brain projection of RGC axons and retinorecipient targeting.   
 
Retinorecipient targeting and the development and function of the 
accessory optic system 
 Retinal ganglion cells are the sole output neurons that convey all visual 
information from the retina to targets in the brain (Masland, 2012).  More than 20 types 
of RGCs with distinct functions have been found in the mammalian retina, each of which 
projects their axon to specific retinorecipient brain targets (Dhande and Huberman, 2014).  
With advances in genetic labeling and viral tracing, detailed retinorecipient targeting 
maps have become available in recent years.  For instance, most RGCs project to the 
lateral geniculate nucleus (LGN) and to the superior colliculus (SC), mediating visual 
responses related to image color, contrast, and acuity (Dhande and Huberman, 2014).  
The intrinsic photosensitive RGCs (ipRGCs), in contrast, mainly target the 
superchiasmatic nucleus (SCN), olivary pretectal nucleus (OPN), and other nuclei that 
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mediate circadian rhythms and the pupillary light reflex (Schmidt et al., 2011).  The 
specific matching between a certain type of RGC and its retinorecipient target ensures 
accurate information flow and provides the basis for generating proper visual responses.  
Therefore, investigating the molecular mechanisms underlying retinorecipient targeting is 
essential for understanding how a retinal circuit is linked to a specific visual behavior.  
On DSGCs, and a subset of On-Off DSGCs, project their axons so as to innervate 
a specific cohort of brainstem nuclei and thereby generate reflexive eye movements that 
compensate for retinal slip when the visual field slowly moves (Dhande and Huberman, 
2014).  These DSGCs and their central brain targets together are called the accessory 
optic system (AOS) (Simpson, 1984).  These AOS circuits are essentially conserved 
across all mammalian species and many vertebrate species (Kubo et al., 2014).  There are 
two main AOS circuits, and they compensate for vertical and horizontal retinal slip.  One 
class of On DSGC innervates the medial terminal nucleus (MTN) and mediates the 
vertical optokinetic reflex (vOKR), consisting of compensatory eye movements in 
response to vertical eye slip.  A second class of On DSGC targets the dorsal terminal 
nucleus (DTN) and also the nucleus of optic tract (NOT), eliciting the horizontal OKRs 
(hOKR) in response to horizontal eye slip.  In addition to On DSGCs, a newly discovered 
subset of On-Off DSGCs (small dendritic field, forward motion preferring) also 
innervates the NOT and participates in the hOKR (Dhande et al., 2013).  Although the 
AOS was described over a century ago, the mechanisms underlying its assembly remain 
completely unknown.       
Mammalian retinal ganglion cells establish their connectivity with their central 
brain targets during embryonic and early postnatal development (Haupt and Huber, 2008).  
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Correct RGC-brain circuit assembly relies on a series of accurately executed events 
during neural development, including the emergence and extension of RGC axons 
towards the inner limiting membrane (ILM), the outgrowth and guidance of RGC axons 
through optic head, the segregation of ipsilateral and contralateral projections at the optic 
chiasm, initial targeting of axons to the retinorecipient nucleus, and the pruning and 
refinement of RGC-target innervation (Haupt and Huber, 2008).  A myriad of molecules 
and signaling pathways have been discovered to be critical for each step of these 
processes during the assembly of vertebrate main optic system.  For instance, laminin-
integrin signaling is required for the proper neuronal migration and extension of RGC 
axons (Edwards et al., 2010; Pinzon-Duarte et al., 2010; Randlett et al., 2011); Robo-Slit 
signaling is essential for the guidance and exit of RGC axons through optic head 
(Thompson et al., 2009; Thompson et al., 2006).  Furthermore, Sema6D-PlexA1/NrCAM 
signaling, VEGF-neuropilin 1 signaling, and many others regulate the ipsilateral and 
contralateral segregation at the optic chiasm (Erskine et al., 2011; Kuwajima et al., 2012; 
Petros et al., 2008; Plachez et al., 2008).  In addition, Eph-dependent and -independent 
signaling pathways determine retinogeniculate targeting in mice (Culican et al., 2009; 
Nie et al., 2010); Robo-Slit signaling and ECM components ensure the lamina-specific 
targeting of RGCs to the tectum in zebrafish (Robles and Baier, 2012).  Finally, ephrin 
family guidance cues and their receptors are required for mediating topographic mapping 
between RGCs and the SC by systematically pruning mistargeted axons (McLaughlin and 
O'Leary, 2005).  Despite of all these previous findings, the molecular mechanisms that 
govern AOS retinorecipient targeting remain completely unknown, and the roles of a 
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large phylogenetically conserved family of guidance cues, the semaphorins, are of great 
interest and are explored in the work described in this thesis.  
 
The semaphorin family of guidance cues and its role in retinal 
development 
The semaphorin family of guidance cues makes up a large and phylogenetically 
conserved family of proteins that include eight classes based upon their phylogenetic 
relationships and extracellular domain structure (Tran et al., 2007).  Semaphorins include 
both secreted (Class 2, 3, and viral semaphorin) and membrane-bound proteins (Class 1, 
4, 5, 6, and 7 semaphorins).  In vertebrates, five classes (class 3 through 7) of 
semaphorins are found.  Initially discovered as neuronal guidance cues, semaphorins can 
serve as short-range and long-range guidance cues, and they can be repulsive or attractive.  
Over the years, functions of semphorin proteins have been recognized to exist for all 
aspects of neuronal development, including: neuronal migration, axon guidance, dendritic 
elaboration, spine formation and remodeling, pruning, and degeneration/regeneration.  
Semaphorin guidance cue signaling is also essential for the development and function of 
many non-neuronal organ systems, including bone development (Kang and Kumanogoh, 
2013), cancer cell metastasis (Tamagnone, 2012), angiogenesis and vasculature 
patterning (Oh and Gu, 2013), and immune system development (Kumanogoh and 
Kikutani, 2013).   
Signaling by semphorins is primarily mediated through their conventional 
receptors: plexins and neuropilins.  Plexins are phylogenetically conserved 
transmembrane proteins that serve as receptors and signal transducers for most 
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invertebrate and vertebrate sempahorins.  Neuropilins are transmembrane proteins that 
bind to most class 3 semaphorins, form holoreceptor complexes with certain plexins, and 
then activate downstream effectors that transduce semaphorin signals.   
Although early work showed that semaphorins serve as repulsive cues to steer the 
growth cones of chick retinal ganglion cells in vitro (Fan and Raper, 1995), the in vivo 
roles played by semapohrins and their receptors in retinal development and visual circuit 
assembly has only just begun to be revealed.  The work of a former graduate student in 
the Kolodkin laboratory, Ryota Matsuoka, has systematically explored the expression 
patterns and functions of all vertebrate plexins and neuropilins.  In particular, the class 6 
transmembrane semaphorin semaphorin-6A (Sema6A) and its receptor plexin A4 
(PlexA4) are required for the dendritic lamination of dopaminergic amacrine cells and the 
synaptic connectivity between these amacine cells and a subclass of intrinsic 
photosensitive RGCs (ipRGCs) in the IPL (Matsuoka et al., 2011b).  Sema6A-PlexA4 
signaling is also essential for horizontal cell processes remodeling and ribbon synapse 
development in the OPL (Matsuoka et al., 2012).  Furthermore, class 5 transmembrane 
semaphorins, Sema5A and Sema5B, signal through receptors PlexA1 and A3 to regulate 
INL lamination and visual functions (Matsuoka et al., 2011a).  Do semaphorin family 
molecules play additional roles in the development of other retinal cell types?  Do they 
function in the other aspects of retinal circuit assembly, for instance, in RGC-
retinorecipient targeting?  These questions require further investigation and analysis. 
The central aim of my thesis was to define the molecular and cellular mechanisms 
underlying the establishment of the neuronal connectivity in the visual system, with a 
focus on circuit assembly within the retina and retinorecipient targeting.  My experiments 
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addressed the roles played by class 6 transmembrane semaphorins and their receptors in 
the functional assembly of retinal direction-selective circuits and in the development of 
the accessory optic system.  Further, in collaboration with Dr. Martín Riccomagno, a 
postdoctoral fellow in the Kolodkin laboratory, my work determined the molecular 
mechanisms that facilitate the single-cell GCL formation during retina development.  
Through extensive phenotypic analyses, genetic labeling, and functional assays, I 
uncovered the roles played by Sema6A and its receptor PlexA2 in defining On versus Off 
direction-selective pathways.  In addition, I discovered that PlexA2 and PlexA4 act 
cooperatively to mediate Sema6A-dependent functional assembly of the accessory optic 
visual system.  Finally, I found that Cas family cytosolic signaling adaptor proteins are 
essential for determining the lamination of single-cell layered GCL downstream of 
integrin signaling.  The findings on class 6 transmembrane semaphorins and their 
receptors provide novel insight into how guidance cues serve as molecular determinants 
that distinguish similar but functionally distinct circuits, and how the same guidance 
molecules are utilized multiple times through distinct mechanisms to regulate different 
aspects of retinal development.  My findings on the signaling cascade that directs RGC 
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Figure 1.  Diagram of the mammalian retina and retinal direction-selective circuits.  
(A) The mammalian retina is enclosed by a basal membrane (BM) dorsally and by the 
inner limiting membrane (ILM) ventrally.  The retina consists of three nuclear layers 
(outer nuclear layer: ONL; inner nuclear layer: INL; and ganglion cell layer: GCL) and 
two plexiform layers (outer plexiform layer: IPL; inner plexiform layer: IPL).  The IPL is 
further divided into On and Off sublaminae.  Five neuronal cell types are found in the 
mammalian retina, including photoreceotpor cells (PCs, blue), horizontal cells (HCs, 
yellow), bipolar cells (BCs, black), amacrine cells (ACs, purple in the INL) and displaced 
amacrine cells (dACs, purple in the GCL), and retinal ganglion cells (RGCs).  RGCs are 
the sole output neurons that convey visual information from the retina to the brain targets.  
(B) Starburst amacrine cells (SACs, red) and direction-selective ganglion cells (DSGCs) 
are the two main components of the retina’s direction-selective circuits.  On and Off 
SACs stratify their dendrites onto S2 and S4 sublaminae, respectively.  On-Off DSGCs 
(blue) co-stratify with On and Off SAC dendrites, and they mediate both On and Off 
direction tuning.  On DSGCs (green) co-stratify with only On SAC dendrites and mediate 


















The detection of object motion is a critical visual function.  Direction-selective 
responses to visual cues by the vertebrate retina depend upon the precise wiring of 
inhibitory starburst amacrine cells (SACs) onto direction-selective ganglion cells 
(DSGCs) (Demb, 2007; Masland, 2012; Vaney et al., 2012; Wei and Feller, 2011).  SACs 
are divided into On and Off subtypes based on their function, which correlates with 
localization of their cell bodies and dendritic processes (Chalupa and Gunhan, 2004).  On 
and Off SACs co-stratify with distinct DSGC dendritic arborizations that have the 
capacity to mediate On or Off directional responses (Huberman et al., 2009; Kay et al., 
2011; Stacy and Wong, 2003), and SACs play a fundamental role in regulating DSGC 
output (Briggman et al., 2011; Euler et al., 2002; Wei et al., 2011; Yonehara et al., 2011).  
Protocadherins mediate the self-avoidance of SAC dendrite processes and regulate the 
morphogenesis of both On and Off SACs (Lefebvre et al., 2012).  However, the 
molecular mechanisms that specify On versus Off SACs, and the signaling pathways 
governing the functional assembly of retinal direction-selective circuitry, remain unclear. 
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Results 
Class A plexin receptors (PlexAs) in the developing mouse retina are expressed 
largely the inner plexiform layer (Matsuoka et al., 2011a; Matsuoka et al., 2012).  To 
identify cell types expressing PlexA2, we performed double immunohistochemistry 
analyses and observed colocalization of PlexA2 and choline acetyltransferase (ChAT), 
which is expressed by SACs (Figure 2, A to C).  This observation was confirmed by in 
situ hybridization analysis (Figure. 3, A and C) and by labeling in a PlexA2-LacZ reporter 
mouse (Figure 4, F to I).  The protein distributions in the inner plexiform layer of PlexA2 
and semaphorin 6A (Sema6A), a transmembrane semaphorin that is a functional PlexA2 
ligand in the mammalian nervous system (Renaud et al., 2008b; Suto et al., 2007), are 
complementary with respect to PlexA2 expression in the Off region of the inner 
plexiform layer, but they exhibit selective overlap in the On region of the inner plexiform 
layer (Figure 2, D to F, and Figure  3, E to H’’).  Sema6A immunoreactivity accumulates 
along the inner of the two PlexA2-immunopositive (PlexA2+) sublaminae, is observed in 
On but not Off inner plexiform layer neurites, and is found in the cell bodies of all 
PlexA2+ cells in the ganglion cell layer but not the inner nuclear layer (Figure. 2, G to I).   
Thus, Sema6A and PlexA2 are co-expressed in On, but not Off, SACs.  
 To investigate the functional significance of this selective PlexA2 and Sema6A 
protein localization, we isolated SACs from a mouse line, ChAT::cre;ROSALSL-Tdtomato, in 
which both On and Off SACs are genetically labeled with Tdtomato (Figure 5, A to C), 
and cultured them in vitro on stripes coated with recombinant Sema6A-Fc protein.  As 
we observed in vivo, there are two populations of SACs in culture: Sema6A-positive 
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(Sema6A+) and Sema6A- SACs (Figure 3, I to K’’).  Neurites from wild-type Sema6A- 
SACs avoid Sema6A-Fc stripes, whereas wild-type Sema6A+ SACs show no preference 
and extend their processes freely over Sema6A-Fc and control stripes (Figure 2, J to K’, 
and N).  In contrast, both Sema6A- and Sema6A+ SACs derived from PlexA2-/- mutant 
retinas extend neurites equally over Sema6A-Fc and control stripes (Figure 2, L to N), 
showing that in vitro exogenous Sema6A repels processes only from SACs that express 
PlexA2 but not Sema6A: the expression profile of Off SACs in vivo.  
To address PlexA2 function in retinal development in vivo, we first characterized 
SAC sublaminar neurite stratification and SAC cell body mosaic patterning in PlexA2-/- 
retinas. SACs normally stratify in two discrete inner plexiform layer laminae: S2 and S4 
(Figure 6).  In PlexA2-/- retinas, however, these two stratifications fail, with full 
penetrance, to completely segregate from each other (Figure 6B, and Figure 7, A and A’; 
n=6 PlexA2-/- mutants).  This is in contrast to calretinin+ amacrine cells and retinal 
ganglion cells, TH+ and vGlut3+ amacrine cells, and NK3R+, Syt2+, and PKCα + bipolar 
cells, all of which show normal axonal targeting and dendritic stratifications in the 
PlexA2-/- retina (Figure 7, B to G’).  In addition, PlexA2-/- On and Off SACs exhibit 
indistinguishable density recovery profiles, and several additional cell body mosaic 
spacing parameters, compared to control SACs (Figure 8), showing that PlexA2 is 
dispensable for regulating SAC cell body mosaic spacing.  
The in vivo protein distribution of PlexA2 and Sema6A in the inner plexiform 
layer, and the responses to Sema6A protein by SAC neurites in vitro (Figure 2), suggest 
that Sema6A is involved in PlexA2-dependent SAC dendritic stratification.  We tested 
this idea by analyzing Sema6A-/- mutant retinas and found that PlexA2-/- SAC dendritic 
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stratification defect is phenocopied, with full penetrance and expressivity, in Sema6A-/- 
retinas (Figure 6; n=6 Sema6A-/- mutants), and is not further enhanced in PlexA2-/-
;Sema6A-/- double mutant retinas (dKO, Figure 6D and 2H; n=4 PlexA2-/-; Sema6A-/- 
mutants).  This suggests that PlexA2 and Sema6A are involved in the same signaling 
pathway that regulates SAC dendritic stratification in the inner plexiform layer (Figure 
6G).  To determine whether the segregation of On and Off SAC processes is cell-type-
autonomous, we generated a ChAT::cre;PlexA2F/- mouse line in which PlexA2 is 
selectively ablated in all SACs (Figure 4, J to M).  We observed in these mutant retinas 
the same stratification defects we found in PlexA2-/- animals (Figure 6E, 6F, 6H and 
Figure 4, J’ to M’), indicating that the defects in PlexA2-/- mutants are cell autonomous.  
SAC dendritic stratification defects were not observed in other PlexA null mutant mice 
(PlexA1-/-, PlexA3-/-, and PlexA4-/-) (Figure 9, A to C) or neuropilin-1 and -2 deficient 
mice (Figure 9, D to F), suggesting that most secreted semaphorins do not mediate SAC 
stratification.  The same is true for mutants in the genes encoding the remaining class 6 
semaphorin proteins (Sema6B, 6C and 6D) (Matsuoka et al., 2013).  
In early postnatal development, wild-type On and Off SAC processes are initially 
entangled at P0 and P2 but segregate into two distinct stratifications by P4, (Figure 6I to 
6K’; also (Ford and Feller, 2012; Stacy and Wong, 2003)).  We found that On and Off 
SAC dendrites in ChAT::cre; ROSA LSL-Tdtomato PlexA2-/- mice failed to segregate fully by 
P4 (Figure 6O and 6O’).  To further investigate the SAC dendritic process stratification 
defects, in which On and Off SAC processes cross over between inner plexiform layers 2 
and 4, we analyzed sparsely labeled SACs in ChAT::creER; ROSA LSL-Tdtomato; PlexA2-/- 
mutant retinas.  We observed that dendrites of both On and Off SACs stratify normally in 
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control retinas (PlexA2+/-) but that both SAC types can stratify inappropriately in the 
PlexA2-/- mutants (Figure 5).  We examined 35 PlexA2-/- SAC processes that crossed 
between the On and Off ChAT bands, and traced 17 of these to Off SACs and 18 to On 
SACs (Figure 5, D to L).  Therefore, both in vitro and in vivo observations suggest that 
Sema6A-PlexA2 repulsive interactions are a critical component of the molecular 
mechanisms that underlie stratification of On and Off SAC dendritic processes.  
 The formation of distinct On and Off SAC sublaminar dendritic process 
stratifications during early retinal development separates these two motion-detection 
circuits.  Since Sema6A is expressed selectively and continuously in On, but not Off, 
SACs (Figure 2 and Figure 3), we next asked if Sema6A-PlexA2 signaling functions later 
in retinal development to refine direction-selective circuitry by regulating specifically On 
SAC dendritic morphology.  To visualize On SAC dendritic morphology, we filled 
individual adult On SACs with Alexa-555 dye and confirmed their identity by anti-ChAT 
immunostaining (Figure 10, A to C).  Wild-type On SACs exhibited characteristic 
radially-symmetric morphology (Figure 11A), whereas PlexA2-/- On SACs were missing 
extensive portions of their dendritic fields (Figure 11B).  In addition, SAC dendritic self-
avoidance was compromised in PlexA2-/- On SACs (Figure 11A’, B’ and Figure 10, D to 
G).  Unlike SAC self-avoidance defects previously described in protocadherin mutants 
(Lefebvre et al., 2012), the PlexA2-/- defects were confined to the distal-most third of 
SAC dendritic processes.  These same defects were found in Sema6A-/- and PlexA2-/-
;Sema6A-/- mutants (Figure 11, C to D’).  Quantification of total dendritic length (Figure 
11E), dendritic field area (Figure 11F), self-crossing number per SAC (Figure 11G), 
symmetry index (Figure 11H; defined in Figure 10I), and dendritic complexity (Sholl 
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analysis, Figure 11I) reveals that the overall dendritic arborization characteristics and 
symmetric dendritic organization are compromised in PlexA2-/-, Sema6A-/-, and PlexA2-/-
;Sema6A-/- mutants.  
  In the developing rabbit retina, On SAC dendritic processes achieve symmetry by 
P0 (Wong and Collin, 1989).  Is the radially-symmetric dendritic morphology of murine 
On SACs also established early postnatally?  To address this point, we utilized genetic 
sparse labeling to delineate On SAC morphology throughout postnatal murine retinal 
development.  Wild-type On SACs exhibit asymmetric dendritic morphology at P0 and 
P2 (Figure 11J and Figure 12A, top left panels), and display extensive dendritic process 
motility early postnatally (Movie 1).  As early as P4, however, symmetric radial dendritic 
process organization is achieved (Figure 11K and Figure 12A, bottom left panels) and 
then maintained throughout retinal development (Figure 11, L to N).  At P0, PlexA2-/- On 
SAC dendrites resemble wild-type with respect to dendritic asymmetry and other 
dendritic organization parameters (Figure 11, J’ and N, p=0.9884; Figure 12, A and B); 
they also exhibit similar dendritic process motility (Movie 2).  Nonetheless, they still 
retain asymmetric dendritic morphology at P4 (Figure 11K’ and 11N, p<0.001; Figure 
12A, bottom right panels) or even later (P14 and P21) (Figure 11L’, 11M’, and 11N, 
p<0.001; Figure 12C).  These same defects apply to Sema6A-/- mutant retinas (Figure 13).  
We did not observe any correlation between SAC dendritic asymmetry phenotypes and 
the overall location of On SAC cell bodies in PlexA2-/- retinas; PlexA2-/- On SACs in all 
four retinal quadrants exhibit the full range of dendritic process symmetry defects (Figure 
14).  Thus, in addition to mediating the separation between On and Off SAC dendritic 
stratifications into distinct inner plexiform layer laminae, Sema6A-PlexA2 signaling 
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regulates the elaboration of symmetric On SAC dendritic fields during postnatal retina 
development.  
 To investigate if PlexA2-/- On SAC inner plexiform layer dendritic arborization 
phenotypes in the X-Y plane (Figure 11) are correlated with SAC dendritic stratification 
defects in the Z-plane of the inner plexiform layer (Figure 6, A to D), we analyzed both 
the X-Y projection images and Z-stacked images of individual, genetically labeled, 
PlexA2-/- On SACs.  We found two classes of PlexA2-/- On SACs: (1) those that stratify 
normally within the ChAT+ On sublaminae (11 out of 29 On SACs, Figure 15, B and B’), 
and (2) those that mis-stratify within the ChAT+ Off sublaminae (18 out of 29 On SACs, 
Figure 15, C and C’).  However, whether these PlexA2-/- mutant SACs exhibit normal or 
aberrant dendritic stratification within the ChAT+ sublaminae, they show the same 
dendritic field symmetry defects (Figure 15, D to G, and Movie 3).  Thus, PlexA2-/- On 
SAC dendritic arborization phenotypes in the X-Y plane are distinct from SAC dendritic 
stratification defects in the Z-plane. 
  The restricted expression of Sema6A in On SACs raises the possibility that 
Sema6A regulates only On, but not Off, SAC dendritic arborization in the X-Y plane.  In 
contrast, protocadherins expressed in both On and Off SACs (Lefebvre et al., 2008) 
dictate dendritic self-avoidance in both cell types (Lefebvre et al., 2012).  We 
investigated this issue by examining genetically-labeled Off SACs. Indeed, Sema6A-/- Off 
SACs (Figure 16) exhibit normal, radially symmetric, dendritic morphology found in 
wild-type SACs (Figure 16, A and A’, quantified in Figure 16H; Movie 4).  Sema6A-/- 
Off SACs also have normal dendritic field area, but Sema6A-/- On SACs are abnormal 
(Figure 16D’ and 16G).  PlexA2-/- Off SACs (Figures 16, 17, and 18) exhibit symmetric 
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dendritic fields, both within and outside of regions where On and Off SAC dendrites fail 
to separate from one another (Figure 15H).  Reconstruction of individual PlexA2+/- and 
PlexA2-/- Off SAC dendritic arbors further illustrates that a fraction of mutant Off SAC 
dendritic processes from an individual SAC can stratify within the ChAT+ On sublamina 
without affecting the symmetric morphology of the entire Off SAC dendritic arbor 
(Movies 5 and 6).  We observed that PlexA2-/- On SACs show a modest reduction in 
dendritic field area (Figure 16G and Figure 18H), suggesting that PlexA2 may promote 
dendritic-process outgrowth in Off SACs.  
 The dendritic arborization defects observed in individual Sema6A-/- and PlexA2-/- 
mutant SACs can be generalized to the overall On SAC dendritic plexus organization.  
Using anti-ChAT immunostaining to label all On and Off SAC dendritic processes, we 
observed that only On SAC dendritic plexuses are defective in Sema6A-/- retinas 
(compare Figure 16E’ with Figure 16B, 16B’, and 16E; quantification in Figure 17G).  
Large gaps and holes in the ChAT+ plexuses were found in areas where Sema6A-/- On 
SACs failed to elaborate their dendrites (compare Figure 16F’ with Figure 16C, 16C’, 
and 16F).  The organization of the On SAC dendritic plexus is not likely mediated by the 
other Sema6 proteins since Sema6B-/- and Sema6C-/-;Sema6D-/- double mutants exhibit 
normal On and Off SAC plexus organization (Figure 19C; quantification in Figure 19D).  
Defects in the PlexA2-/- ChAT+ On plexus phenocopy those observed in Sema6A-/- 
mutants (Figure 17, B to F’; quantification in Figure 17G), and conditional removal of 
PlexA2 in all SACs disrupts On, but not Off, ChAT+ dendritic plexus organization 
(Figure 16I; Figure 19, A and B).  These results show that PlexA2 is cell-type-
autonomously required for On, but not Off, SAC plexus organization. 
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 To investigate the correlation between SAC morphological defects and function 
(Peters and Masland, 1996), we performed patch-clamp recordings from labeled On 
SACs in flat-mount retinas of ChAT::cre; ROSALSL-Tdtomato mice in wild-type or Sema6A-/- 
genetic backgrounds.   Although Sema6A-/- On SACs exhibit reduced dendritic length, 
coverage area, complexity, and symmetric organization (Figure 11), the average 
amplitude of the light-evoked excitatory postsynaptic current (EPSC) is not different 
from wild-type (Figure 20, A and B), showing that Sema6A-/- On SACs retain normal 
light-evoked excitatory responses.  However, Sema6A-/- On SACs showed excess and 
aberrant light-evoked inhibitory postsynaptic currents (IPSCs) (Figure 21, A to C) 
mediated by GABA receptors (Figure 21D).  The mechanism underlying this change is 
presently unclear, though increased GABAergic lateral inhibition among Sema6A-/- On 
SACs is one likely possibility. 
 SACs are essential for retina direction-selectivity (Yoshida et al., 2001). Their 
radial symmetric dendritic morphology is likely to be essential for generating direction-
selective responses from direction-selective ganglion cells (Vaney et al., 2012).  To 
assess any perturbations in direction-selective output due to SAC morphological defects 
we performed cell-patch recordings, using two-photon microscopy to target neurons for 
electrophysiological analysis, in TRHR-GFP; Sema6A+/- and TRHR-GFP; Sema6A-/- 
mouse lines.  In these mice On-Off direction-selective ganglion cells with posterior 
motion detection preference are genetically labeled by GFP (Rivlin-Etzion et al., 2011).  
TRHR-GFP; Sema6A+/- direction-selective ganglion cells presented with drifting-bar 
motion stimulation displayed normal posterior-preferred directional tuning for both On 
and Off responses (Figure 20C) (Rivlin-Etzion et al., 2011).  TRHR-GFP; Sema6A-/- 
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direction-selective ganglion cells, in contrast, showed compromised On direction-
selective tuning (Figure 20D, red line), although Off direction-selective tuning is 
preserved (Figure 20D, blue line).  Pooled data show that On responses in TRHR-GFP; 
Sema6A-/- direction-selective ganglion cells have abnormal, broader, directional tuning, 
with the magnitudes of the On response vector sums being significantly lower than in the 
control group (Figure 20E, 0.15±0.09 for TRHR-GFP; Sema6A-/- cells, and 0.43±0.20 for 
TRHR-GFP; Sema6A+/- cells, mean±S.D.; p<0.01, Mann-Whitney test).  In contrast, 
TRHR-GFP; Sema6A-/- Off direction-selective responses were not significantly different 
than those observed in the control group (magnitude values of Off response vector sums: 
0.32±0.15 for TRHR-GFP; Sema6A-/- cells, and 0.40±0.15 for TRHR-GFP; Sema6A+/- 
cells; p=0.18, Mann-Whitney test).  Dye-fills of individual TRHR-GFP+ direction-
selective ganglion cells reveal that TRHR-GFP; Sema6A-/- DSGC dendrites still co-
fasciculate with On SAC dendritic processes (Figure 20F and Figure 22), and the 
dendritic field area of TRHR-GFP; Sema6A-/- direction-selective ganglion cells in both 
Off and On SAC plexuses does not differ from TRHR-GFP; Sema6A+/- direction-
selective ganglion cells (Figure 23).  Taken together, these results show that On 
directional tuning of at least one On-Off direction-selective ganglion cell subtype is 
defective in Sema6A-/- mutants. 
 
Discussion 
 In this study we demonstrate that Sema6A, a classical axon guidance cue, is a 
molecular determinant that distinguishes On from Off visual pathways.  Sema6A, 
together with PlexA2, regulates SAC dendritic stratification, On SAC dendritic 
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morphology, and functional assembly of retinal direction-selective circuitry.  In the 
neonatal murine retina, repulsive Sema6A-PlexA2 signaling disentangles On and Off 
SAC dendritic processes, providing the anatomical organization critical for the 
emergence and separation of On and Off direction-selective circuitry (Figure 24A).  
Despite our observation of SAC inner plexiform layer stratification defects in all  
Sema6A-/- and PlexA2-/- mutant retinas examined, there remain normally stratified SAC 
processes in these mutants such that most SAC dendrites are still confined to their normal 
ChAT+ sublaminae, suggesting additional dendritic stratification mechanisms function in 
parallel to Sema6A-PlexA2 signaling to ensure proper SAC dendrite stratification.  Our 
in vitro observation that exogenous Sema6A protein repels SAC neurites expressing 
PlexA2 but not Sema6A (corresponding to Off SACs), but does not affect SAC neurites 
expressing both PlexA2 and Sema6A (corresponding to On SACs), suggests that Sema6A 
and PlexA2 utilize in trans repulsion to facilitate correct SAC stratification.  The lack of 
a repulsive response to exogenous Sema6A by SACs that express both Sema6A and 
PlexA2 likely reflects the silencing of PlexA2 by ligand expressed in cis, as has been 
observed in murine sensory neurons that express both Sema6A and PlexA4 and do not 
respond to exogenous Sema6A in vitro (Haklai-Topper et al., 2010).  Our data suggest 
that On SAC dendritic processes in vivo are not repelled by exogenous Sema6A, and so 
defects in their laminar stratification in the inner plexiform layer may occur as a 
secondary consequence of Off SAC stratification defects or as a result of distinct 
Sema6A-PlexA2 signaling interactions. 
 During later postnatal retinal development, select and continuous expression of 
Sema6A in On SACs signals through PlexA2 to elaborate dendritic morphology, 
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including symmetric organization of dendritic processes (Figure 24B); apparently Off 
SACs utilize molecular mechanisms distinct from those used by On SACs to achieve 
symmetric dendritic arbors.  Sema6A-PlexA2 repulsion likely serves to separate rapidly-
growing On SAC dendritic processes from one another within the same SAC, however, 
these repulsive interactions must not occur among neighboring SACs. Sema6A-PlexA2 
repulsive signaling may be constrained to early postnatal SACs when overlap with 
adjacent SAC dendritic processes is minimal, or it may be restricted to emerging 
dendritic branch points during the course of dendritic arbor growth.  Therefore, it is 
critical to determine the spatial and temporal dynamics of plexin receptor activation 
during SAC development. In addition, protocadherin signaling (Lefebvre et al., 2012), 
and likely additional mechanisms, also mediate SAC dendritic process self-avoidance and 
allow for intercellular SAC dendritic process overlap.  Horizontal cells in the mouse 
retina express both Sema6A and another of its receptors, PlexA4, and horizontal cell 
dendrites in PlexA4-/- mutants show self-avoidance defects (Matsuoka et al., 2012).  
Taken together, our data show that semaphorin ligands and their cognate receptors 
expressed in the same neuron facilitate the elaboration of dendritic arbors during 
postnatal retinal development. 
 Disruption of Sema6A-PlexA2 signaling leads to morphological deficits in On 
SACs and ultimately results in severely compromised On directional tuning in a subclass 
of direction-selective ganglion cells.  Our elucidation of molecular events critical for 
functional assembly of retinal direction-selective circuitry may have general implications 
for understanding the establishment of circuitry in which individual neurons participate in 
multiple, distinct, pathways.  
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Experimental Procedures 
Animals.  The day of birth in this study is designated as postnatal day 0 (P0).  The 
PlexA2-deficient and Sema6A gene-trap mouse lines were previously described 
(Matsuoka et al., 2011b).  The PlexA1-/-, PlexA3-/-, PlexA4-/-, Nrp1Sema-/Sema-, Nrp1F/F, 
Nrp2-/-, Nrp2F/F, Sema6B-/-, Sema6C-/-;Sema6D-/-, and TRHR-GFP mice are also 
described elsewhere(Gu et al., 2003; Matsuoka et al., 2011b; Matsuoka et al., 2013; 
Rivlin-Etzion et al., 2011; Walz et al., 2002).  ROSALSL-Tdtomato mouse line was a gift from 
D. Ginty. ChAT::cre, ChAT::creER, Six3-cre and ROSAiAP mouse lines were gifts from J. 
Nathans.  PlexA2F/+ mouse line was generated and directly imported from the European 
Conditional Mouse Mutagenesis (EUCOMM, Welcome Trust Sanger Institute) (Skarnes 
et al., 2011).  PlexA2F/+ mice were genotyped using PCR reactions with two pairs of 
primers to amplify the WT (5’-CATTTCAGGGGATTTTCAGG-3’ and 5’- 
TCTCAGACTCCCTTCACCTCA-3’) and the conditional allele (5’- 
CATTTCAGGGGATTTTCAGG–3’ and 5’-TCGTGGTATCGTTATGCGCC-3’). The 
conditional allele genotype was confirmed using LacZ genotyping (5’- 
ATCACGACGCGCTGTATC-3’ and 5’-ACATCGGGCAAATAATATCG-3’).  The 
sizes of the PCR products of WT, PlexA2F, and LacZ are 222bp, 153bp, and 108bp, 
respectively.  
 
Immunohistochemistry.  Eyes were fixed and processed as previously described 
(Matsuoka et al., 2011b).  Primary antibodies used in this study include: rabbit anti-
PlexA2 (a gift from F. Suto, used at 1:1000), goat anti-mouse Sema6A (R&D systems, 
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1:200), goat anti-choline acetyltransferase (Millipore, 1:100), rabbit anti-Dsred 
(Clonetech, 1:500), goat anti-vesicular acetylcholine transport (Millipore, 1:500), goat 
anti-calretinin (Swant, 1:2000), rabbit anti-tyrosine hydroxylase (Millipore, 1:1000), 
rabbit anti-neurokinin 3 receptor (Calbiochem, 1:3000), mouse anti-synaptotagmin 2 
(ZNP-1, Zebrafish International Resource Center, 1:2000), guinea pig anti-vesicular 
glutamate transporter type 3 (Millipore, 1:1000), mouse anti-protein kinase C α 
(Millipore, 1:500), and chicken anti-β galactosidase (Abcam, 1:1000).  Confocal 
fluorescence images were taken using a Zeiss Axioskop2 Mot Plus, LSM 5 Pa confocal 
microscope.  
 
In situ hybridization.  In situ hybridization was performed on fresh frozen retina 
sections (20 µm thickness) using digoxigenin-labeled cRNA probes for Sema6A and 
PlexA2 as previously described (Renaud et al., 2008b); (Matsuoka et al., 2011b).  
 
Wholemount retina staining.  Wholemount retina ICC was performed as previously 
described (Matsuoka et al., 2012) with a few modifications. Briefly, enucleated eyes were 
fixed in 4% paraformaldehyde (PFA) for 1 hour at 4°C.  The eyecups were dissected out 
and incubated for 4-5 days at room temperature with primary antibodies in PBS 
containing 10% donkey serum, 0.5% Triton X-100 and 20% dimethyl sulphoxide 
(DMSO).  Retinas were washed with PBS+0.5% Triton X-100 5 times for 1 hour at room 
temperature, and then incubated with secondary antibodies in PBS+0.5% Triton X-100 
overnight at 4°C.  Retinas were washed in PBS+0.5% Triton X-100 5 times for 1 hour at 
room temperature and then flat mounted.  Confocal images were taken using a Zeiss 
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Axioskop2 Mot Plus, LSM 5 Pa confocal microscope or a Zeiss LSM 700 confocal 
microscope.  We did not image the areas near the peripheral edges or the optic nerve head 
of retinas.  
 
Stripe assay.  Stripe assays were performed essentially as previously described 
(Riccomagno et al., 2012).  Retinas obtained from P1-P2 ChAT::cre; ROSALSL-Tdtomato or 
ChAT::cre; ROSALSL-Tdtomato; PlexA2-/- animals were dissected in cold L-15 (Gibco) and 
dissociated in 100 µL of digestion buffer containing HBSS (Life Technologies), 2 U/mL 
papain (Worthington), 2 mM cysteine (Sigma), 0.4 mM EDTA (Sigma) at 37°C for 10 
minutes.  The digestion was stopped by adding 2 mL of DMEM (Gibco) containing 10% 
fetal bovine serum at 37°C for 2 minutes.  The tissues were dissociated gently using 
autoclaved Pasteur glass pipette, centrifuged at 1000 rpm for 4 minutes, and then re-
suspended in the neurobasal-based culture medium containing 50 units/mL penicillin, 50 
µg/mL streptomycin, B-27 supplement, 2 mM L-Glutamine, 10 ng/mL ciliary 
neurotrophic factor (CNTF, R&D Systems), 50 ng/mL brain-derived neurotrophic factor 
(BDNF), 5 mM forskolin, 5 µg/mL insulin, 2.5 ng/mL TGF-β1 and TGF-β2 (Peprotech).  
The re-suspended cells were plated on plates coated with 50µg/ml poly-D-lysine (Sigma), 
5 µg/ml laminin (Life Technologies), and alternating stripes (50 µm in width) of 10-20 
µg/ mL recombinant Sema6A-Fc (R&D Systems) mixed with Alexa-555-conjugated 
BSA (10 µg/mL) to allow for fluorescence illumination.  Dissociated cells were allowed 
to grow on the plate with stripes for 5 days in culture medium.  The cells were fixed in 
4% PFA for 10 minutes and immunostained with antibodies directed against Dsred 
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(Clonetech, 1:1000) and anti-Sema6A (R&D systems, 1:500).  Neurite lengths of 
Tdtomato+ cells were measured and quantified using ImageJ plugins. 
  
Density recovery profile (DRP) analysis.  DRP analysis and other cell mosaic 
patterning analyses (including cell density, packing factor, mean distance to nearest 
neighbor, and regularity index) were performed as previously described (Chen et al., 
2013; Kay et al., 2012).  
   
Alkaline phosphatase (AP) staining.  AP staining was performed as previously 
described (Badea et al., 2009b) with minor modifications.  Enucleated eyes were fixed in 
4% PFA for 1h in 4°C. The retina cups were dissected out in cold PBS, rinsed 3 times for 
10 minutes with HBSS at room temperature and then incubated in a 65°C water bath for 
2 hours to inactivate endogenous alkaline phosphatases.  After heat inactivation, the 
retina tissues were rinsed 3 times for 10 min at room temperature with B1 buffer 
containing 0.1 M Tris (pH7.5) and 0.15 M NaCl. The tissues were then washed 3 times 
for 10 min with B3 buffer containing 0.1 M Tris (pH9.5) and 0.1 M NaCl, 50 mM MgCl2 
and 5 mM levamisole.  AP activity was then visualized by incubation with 37.5 g/mL 
NBT (Roche), 175 g/mL BCIP (Roche) in B3 buffer at room temperature until the AP-
generated precipitate appeared.  
 
Targeted SAC dye-filling.  1 µL of 10 ng/µL 4',6-diamidino-2-phenylindole (DAPI) was 
injected into mouse vitreous 10 hours before single-cell dye injection.  SACs were 
identified by their strong DAPI signals in cell bodies and relatively small soma size 
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(~10µm).  Electrodes were pulled from borocilicate glasss capillaries (GC150F-10, 
Harvard Apparatus).  The electrode was tip-filled with 8mM Alexa Flour hydrazide 555 
and 0.5% Lucifer Yellow, and back-filled with 3 M KCl.  The electrode resistance was 
100-180 MΩ.  Dye was injected by biphasic current (±1 nA, 2Hz, 3 minutes), and after 
dye injection, retinas were fixed in 4% PFA over night at 4 °C and washed in PBS 3 
times for 45 minutes.  The retina tissues were immunostained with anti-ChAT to confirm 
the identity of dye-filled cells.  Images of dye-filled cells were taken using a Zeiss 
Axioskop2 Mot Plus, LSM 5 Pa confocal microscope and further analyzed using ImageJ 
plugins.  
 
Sparse Genetic labeling of SACs.  Sparse genetic labeling of SACs was performed 
using two strategies.  For P0-P2, we generated and analyzed ChAT::cre; ROSALSL-Tdtomato 
mice since we observed sparse and random Tdtomato fluorescence in SACs at these 
stages with this mouse line.  For later developmental stages, we generated ChAT::creER; 
ROSALSL-Tdtomato and  ChAT::creER; ROSAiAP mice, delivering tamoxifen (Sigma) in a 
single intraperitoneal injection at P0 (for characterization of P4 retinas) or at P5 (for 
characterization of animals older than P4) with a dose of 100 µg per animal (Badea et al., 
2009b).  The retinas from these animals were processed and analyzed from P4 to adult.   
 
Ex vivo live imaging.  Retina cups were dissected out from enucleated eyes in cold L-15 
medium (Gibco) and placed with inner limiting membrane down onto a millicell insert 
(Millipore).  Control and mutant retinas from the same litter were positioned and then 
cultured in the same millicell insert.  The insert was placed onto a 60 mm glass-bottom 
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culture plate (FluoroDish) with the retina culture medium spreading between the glass 
bottom of the plate and the bottom surface of the insert.  The entire culture plate was 
placed at 37°C, 5% CO2, to allow for tissue recovery, and was then placed onto the pre-
warmed platform of a Zeiss LSM 700 inverted microscope in the humidity chamber 
(37 °C, 5% CO2).  Time-lapse confocal images were taken at 4-5 different locations in 
each retina every 20 minutes for 8-12 hours.  The images were analyzed using ImageJ 
plugins.  
 
Recording of light-evoked EPSCs and IPSCs in SACs.  Mice with genetically labeled 
SACs (ChAT::cre; ROSALSL-Tdtomato and ChAT::cre; ROSALSL-Tdtomato; Sema6A-/-) were 
dark-adapted for more than 10 hours before experiments were performed.  Isolated 
retinas were superfused with Ames’ medium and bubbled with 95% O2 - 5% CO2.  Patch 
electrodes (5-7 MΩ) were pulled from borosilicate capillaries (PG10165-4, WPI).  The 
internal solution contained (mM) 120 K-gluconate, 5 NaCl, 4 KCl, 10 HEPES, 2 EGTA, 
4 ATP-Mg, 0.3 GTP-NA2 and 7 Phosphocreatine-Tris.  The pH value was adjusted to 7.3 
with KOH. SACs, labeled by Tdtomato, were identified by flashes of epifluorescence 
light.  The total exposure time to epifluorescence light before recording was less than 500 
ms.  Whole-cell patch clamp recording were performed at 25°C, using Multiclamp 700B 
amplifier.  Series resistance of patch electrodes was 10-30 MΩ.  Signals were low-pass 
filtered at 100Hz (8-pole Bessel).  White light stimuli were generated by a 100W Xenon 
lamp.  Saturating light intensity (2.8 X 10-5 µW/µm2) was used for all patch-clamp 
recording experiments.  Cells were voltage clamped at -70 mV or 0 mV, to record light-
evoked EPSCs or light-evoked IPSCs respectively. 
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Two-photon targeted loose-patch recording.  Two-photon targeted loose-patch 
recordings of GFP+ cells (Wei et al., 2010) were performed in TRHR-GFP; Sema6A+/- 
and TRHR-GFP; Sema6A-/- mice of either sex between age P26 and P40.  A 60x objective 
(LUMPlanFl/IR360/0.90 NA water-immersion, Olympus) was used for targeting of GFP+ 
cells for loose patch recordings.  For visual stimulation, we switched to a 20x objective 
(UMPLFLN/0.50 NA water-immersion, Olympus) that has a broader field of view (775 
µm diameter) and allows for stimulation of the cell soma and the surround.  Display 
images were centered on the soma of the recorded cell. We presented four repetitions of 
drifting bars with positive contrast (bars width = 300 µm; bar length  = 1400 µm; velocity 
= 15 deg/s) in 8 pseudo-randomly chosen directions spaced at 45 degrees intervals, with 
each trial followed by 500 ms of gray screen.  We chose to use relatively long bars and 
slow speed to facilitate the separation between the On and Off responses (Weng et al., 
2005). 
For Data analyses we first extracted spike times from these data after offline 
filtration using a 4 pole Butterworth bandpass filter between 80 and 2000 Hz.  Next, we 
assessed the tuning sharpness of each cell separately for the cell’s On and Off responses.  
The On and Off responses were separated manually based on a time threshold determined 
by the experimenter.  Following separation, the average spike count in each stimulus 
direction was normalized by the total number of spikes for all directions.  The sum of 
these normalized responses yielded a vector (On and Off vector sum) whose direction 
was the preferred direction of the cell, and whose magnitude gave the strength and width 
of tuning (ranging between 0 and 1: where 0 indicates broad, non-directional, tuning as 
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the cell responds to all directions similarly; and 1 indicates a sharp, directional, tuning as 
the cell responds only to one single direction).  Data analysis was performed in Matlab 7.  
 
Statistical Analysis.  Statistical significance of differences between mean values among 
two or more groups was determined using Student’s t test or one-way ANOVA analysis 
followed by Tukey’s HSD test, respectively. The criterion for statistical significance was 
set at p<0.05. 
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Figure 2.  Sema6A is expressed in On, but not Off, SACs in vivo, and SACs lacking 
Sema6A avoid exogenous Sema6A in vitro.   
(A-C) Mouse P14 retina sections immunostained with antibodies directed against PlexA2 
(green) and ChAT (red) reveal colocalization of PlexA2 and ChAT immunoreactivity in 
cell bodies (yellow arrows) and in dendritic processes (red arrows).  (D-I) Postnatal retina 
sections immunostained with anti-PlexA2 (red) and anti-Sema6A (green) show that 
PlexA2 and Sema6A exhibit mostly complementary protein distributions in the inner 
plexiform layer (white arrows in E and F), but that they are coexpressed in On SACs 
(yellow arrow heads in G and H, white asterisk in I).  (J-N) Genetically labeled, 
dissociated, SACs from wild-type retinas are divided into two populations in vitro: 
Sema6A- (J and J’) and Sema6A+ (K and K’).  Neurites extending from wild-type 
Sema6A- SACs avoid exogenous Sema6A-Fc stripes (J), whereas wild-type Sema6A+ 
SACs do not (K). PlexA2-/- SACs, both Sema6A+ and Sema6A-, extend freely over 
Sema6A-Fc+ stripes (L and M).  The ratio of SAC neurite length off of Sema6A-Fc 
stripes to neurite length on Sema6A-Fc stripes is shown in (N) (n≥15 SACs per genotype).  
Error bars, S.E.M. *P<0.01.  Scale bars, 20 µm in (C) for (A)-(C), 20 µm in (F) for (D)-
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Figure 3.  PlexA2 and Sema6A mRNA and protein expression in embryonic and 
early postnatal retinas in vivo, and in vitro characterization of Sema6A+ and 
Sema6A- SAC populations in dissociated retinal cell cultures.   
(A-D) PlexA2 (A and C) and Sema6A (B and D) mRNA expression during embryonic 
and early postnatal retinal development.  PlexA2 mRNA is not detected at E13.5 (A), but 
it is upregulated at P0 in the lower region of the outer neuroblastic layer and the upper 
region of the inner neuroblastic layer (C).  Sema6A mRNA is expressed in the inner 
neuroblastic layer during early embryogenesis (B), and its expression persists through P0 
with accumulation apparently in the inner neuroblastic layer (D).  (E-H’’) Early postnatal 
retinas immunostained with anti-PlexA2 (red, E, F, G, and H) and anti-Sema6A (green, 
E’, F’, G’, and H’) reveal complementary protein distributions in the IPL (merged in E’’, 
F’’, G’’, and H’’).  Black arrows indicate colocalization of Sema6A immunoreactivity 
with the inner of the two PlexA2+ IPL stratifications.  (I-K’’) Dissociated retinal cultures 
derived from P1 ChAT::cre; ROSALSL-Tdtomato mice, in which SACs are genetically labeled 
with Tdtomato.  SACs in these cultures can be divided into Sema6A+ SACs (cell #1, 
yellow arrows in I, I’, and I’’) and Sema6A- SACs (cell #2, yellow arrowheads in I, I’, 
and I’’), similar to On and Off SACs in vivo. (J-K’’) show magnified views of (I-I’’) (J-
J’’, cell #1; K-K’’, cell #2).  Scale bars: 50 µm in (A) for (A)-(D), 20 µm in (H’’) for (E)-
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Figure 4.  Generation and characterization of the PlexA2 conditional allele.  
(A) Schematic of the targeted PlexA2 locus (PlexA2F).  The targeting vector was 
designed and generated by the EUCOMM resource center as part of the Knockout Mouse 
Project.  The engrailed 2 splice acceptor (En2 SA)-IRES-lacZ cassette is inserted into 
introns 1 and 2, together with the neo gene driven by the human β-actin promoter.  Exon 
1 (ENSMUSE00000350240), which contains part of 5’-UTR and the start of the coding 
sequence, is flanked by LoxP sites.  Targeted mice were obtained directly from 
EUCOMM.  (B-E) Characterization of PlexA2F allele without cre recombinase.  
PlexA2F/- retinas (C) exhibit similar PlexA2 protein expression compared to PlexA2+/- 
retinas (B) (yellow asterisks in B and C).  SAC dendritic stratification also appears 
normal in PlexA2F/- retinas. Thus, PlexA2F is not a null or hypomorphic allele.  n=2 
animals for each genotype.  (F-I) Characterization of β-gal expression in the absence (F) 
and the presence (G-I) of Six3-cre, a pan-retinal cre line. In the absence of the Six3-cre 
allele, β-gal expression is not detected in P14 retina sections (F).  In contrast, β-gal is 
expressed when accompanied by cre expression (G-I).  All ChAT+ cells are β-gal+ 
(yellow arrowheads in G and H), consistent with PlexA2 protein expression in SACs (Fig. 
1). Anti-β-gal immunoreactivity is also detected in ChAT+ stratifications (yellow arrows 
in G), showing that the PlexA2F line can be used as a reporter of PlexA2 expression 
following cre-mediated recombination. We also observed a few non-ChAT+ cells that 
were β-gal-immunopositive cells, suggesting that PlexA2 is transiently expressed in these 
cells during development (n=2 for each genotype).  (J-M’) Pan-retinal removal of 
PlexA2 abolishes PlexA2 protein expression (J and K) and leads to the same SAC 
stratification phenotypes that are observed in PlexA2-/- mutant retinas (compare K’ with 
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Fig. 2B).  Similarly, removal of PlexA2 protein specifically in SACs greatly attenuates 
PlexA2 protein expression (L and M) and generates similar SAC stratification 
phenotypes (L’ and M’).  These results show that PlexA2 expressed in SACs is required 
for segregation of SAC On and Off dendritic stratifications. n=3 animals for each 
genotype.  Scale bars: 50 µm in (E) for (B)-(E), 20 µm in (F) for (F)-(I), and 50 µm in 
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Figure 5.  Characterization of SAC inner plexiform layer dendritic stratification in 
PlexA2-/- mutants using sparse genetic labeling. 
(A-C) P7 retina section from a ChAT::cre; ROSA LSL-Tdtomato animal immunostained with 
anti-Dsred (recognizing Tdtomato in A) and anti-ChAT (B). Panel (C) is the merged 
image of (A) and (B), showing that all ChAT+ neurons (both On and Off SACs) express 
Tdtomato.  (D-F) Adult retina sections from ChAT::creER; ROSA LSL-Tdtomato; PlexA2+/-  
animals immunostained with anti-Dsred and anti-ChAT.  Sparse genetic labeling reveals 
the dendritic stratifications from single On and Off SACs (schematic shown in panel D).  
Dendrites from both On and Off SACs stratify in ChAT+ sublaminae (white arrows in F).  
n= 18 SACs from 2 animals.  (G-L) Characterization of SAC dendritic crossovers in 
PlexA2-/- retinas.  Both Off (G-I) and On (J-L) SAC dendrites were found at crossover 
locations (yellow arrows in H, I, K, and L).  Among 35 crossovers that were analyzed in 
these mutants, dendrites from 17 Off SACs and from 18 On SACs located at the region 
where the crossovers occurred extended into the On or Off ChAT+ laminae, respectively.  
n=35 SACs from 2 animals.  Scale bars: 50 µm in (C) for (A)-(C), and 50 µm in (K) for 
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Figure 6.  Sema6A-PlexA2 signaling segregates On and Off SAC dendritic 
stratifications in vivo.   
(A-D) Wild-type (A), PlexA2-/- (B), Sema6A-/- (C), and PlexA2-/-;Sema6A-/- (D) adult 
retina sections immunostained with antibodies against ChAT.  On and Off SAC processes 
fail, with full penetrance, to completely segregate in PlexA2-/- (B), Sema6A-/- (C), and 
PlexA2-/-;Sema6A-/- (D) retinas (stratification crossovers indicated by white arrows, n≥4 
animals for each genotype).  (E and F) Conditional removal of PlexA2 protein in SACs 
recapitulates PlexA2-/- stratification defects (n=3 animals).  (G) Schematics of SAC 
dendritic stratification in WT, PlexA2-/-, Sema6A-/-, and PlexA2-/-; Sema6A-/- mutants.  (H) 
Quantification of SAC stratification crossovers in (A) to (D) and in (F) (n≥6 retinas per 
genotype). Error bars, S.D. *P<0.001.  (I-P’) Characterization of SAC dendritic 
stratification in wild-type (I-L’) and PlexA2-/- retinas (M-P’) using the SAC Tdtomato 
genetic reporter. In wild-type retinas, On and Off SAC dendrites are intermingled at P0 (I 
and I’).  They then segregate during early postnatal retinal development (J and J’) and 
become completely separate stratifications by P4 (K and K’).  SAC dendritic 
stratifications in PlexA2-/- mutants (M, M’, N, and N’) are indistinguishable from wild-
type (I, I’, J, and J’) at P0 and at P2.  However, the stratification phenotype is observed 
by P4 in PlexA2-/- retinas (O and O’, yellow arrow) and persists through P7 (P and P’, 
yellow arrowheads).  n=3 animals for each genotype at each different developmental 
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Figure 7.  Laminar stratification of multiple amacrine cell, ganglion cell, and 
bipolar cell subtypes in the inner plexiform layer of the PlexA2-/- retina is normal.  
Adult wild-type and PlexA2-/- retinas were immunostained with anti-vesicular 
acetylcholine transporter (VAChT, labeling SAC dendrites in A and A’), anti-calretinin 
(labeling subsets of amacrine and retinal ganglion cells in B and B’), anti-tyrosine 
hydroxylase (TH, labeling dopaminergic amacrine cells in C and C’), anti-neurokinin 3 
receptor (NK3R, labeling type 1 and type 2 cone bipolar cells in D and D’), anti-
synaptotagmin2 (Syt2, labeling type 2 and type 6 cone bipolar cells in E and E’), anti-
ChAT (green in F and F’) and anti-vesicular glutamate transporter type 3 (vGlut3, 
labeling a subtype of amacrine cells that co-stratify with type 3 and 5 bipolar cells, red in 
F and F’), and anti-protein kinase C α (PKCα, labeling rod bipolar cells in G and G’).  
Anti-VAChT immunostaining reveals the same SAC stratification defects in PlexA2-/- 
mutants (white arrows in A’) as observed using anti-ChAT immunostaining (see Fig. 2B).  
Subtypes of amacrine cells (B and B’, C and C’, F and F’), ganglion cells (B and B’), and 
bipolar cells (D and D’, E and E’, G and G’) exhibit normal sublaminar stratification and 
axonal targeting in the IPL of PlexA2-/- mutants.  Note in F and F’ that though SACs 
exhibit dendritic stratification deficits, as revealed by anti-ChAT staining, the overall 
dendritic stratification of vGlut3+ amacrine cells appears normal in PlexA2-/- mutants 
since vGlut3+ neurites elaborate processes only between ChAT+ On and Off SAC 
stratifications. n=2 animals.  Scale bar: 50 µm in (G’) for (A)-(G’).  
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Figure 8.  Cell body mosaic patterning of On and Off SACs is normal in the PlexA2-
/- retina.  
(A and B) Wholemount PlexA2+/- (A) and PlexA2-/- (B) adult retinas stained with anti-
ChAT reveal Off SAC cell body mosaic spacing in the inner nuclear layer.  
(C) Density recovery profile analyses of PlexA2+/- (red line) and PlexA2-/- (grey line) cell 
body mosaic spacing.  Density recovery profiles of Off SACs do not differ between 
PlexA2+/- and PlexA2-/- retinas (n=8 from 2 animals per genotype).  (D-G) Quantification 
of Off SAC density (D), packing factor (E), mean distance to nearest neighbor (F), and 
regularity index (G) shows that PlexA2 plays no role in cell body mosaic spacing of Off 
SACs. Error bars, S.D.  (H and I) Wholemount PlexA2+/- (H) and PlexA2-/- (I) adult 
retinas stained with anti-ChAT reveal cell body mosaic spacing of On SACs in the 
ganglion cell layer.  (J-N) Density recovery profile analyses (J) and quantification of On 
SAC density (K), packing factor (L), mean distance to nearest neighbor (M), and 
regularity index (N) show that PlexA2 is not required in regulating cell body mosaic 
spacing of On SACs (n=8 from 2 animals per genotype). Error bars, S.D.  Scale bar: 50 
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Figure 9.  SAC dendritic stratification is normal in most PlexinA and both 
neuropilin-deficient mice. 
Adult retina sections immunostained with anti-ChAT reveal that SAC dendritic 
stratifications are normal in PlexA1-/- (A), PlexA3-/- (B), PlexA4-/- (C)(Matsuoka et al., 
2011b), neuropilinSema-/Sema- (Nrp1Sema-/Sema-) (D), Nrp2-/- (E), and Six3cre;Nrp1F/-;Nrp2F/- 
(F) mutants. On (lower ChAT+ stratification) and Off SACs (upper ChAT+ stratification) 
dendritic stratifications are completely segregated and in their appropriate locations in all 
genotypes listed above (n=3 animals for each genotype). 
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Figure 10.  Categorization of dye-filled On SAC dendritic morphology and 
symmetry in PlexA2-/- mutants. 
(A-C) An example of a wild-type On SAC filled with Alexa-555 (A) and double stained 
with anti-ChAT (B) to confirm the identity of the dye-filled SAC.  The cell body of this 
Alexa-555-filled cell colocalizes with anti-ChAT immunoreactivity (yellow arrows in B 
and C), showing that it is indeed a SAC.  All dye-filled cells in this study were validated 
as ChAT+.  (D-G) Examples of PlexA2-/- On SAC dendritic arborization phenotypes of 
varying severity.  These include PlexA2-/- SACs missing 1/2 (D), 1/3 (E), 1/4 (F), or none 
(G) of their dendritic field.  (H) Categorization and quantification of dendritic 
arborization coverage phenotypes observed in wild-type, PlexA2-/-, Sema6A-/-, and 
PlexA2-/-;Sema6A-/- mutants.  80% of On SACs in PlexA2-/-, Sema6A-/-, and PlexA2-/-
;Sema6A-/- mutants exhibit loss of 1/4 to 1/2 of their dendritic field, and each category 
includes a similar fraction of On SACs in PlexA2-/-, Sema6A-/-, and PlexA2-/-;Sema6A-/- 
mutants (n=12 cells from 2 wild-type animals, n=17 from 2 PlexA2-/- mutants, n=12 from 
2 Sema6A-/- mutants, and n=30 from 2 PlexA2-/-;Sema6A-/- mutants).  (I) Calculation of a 
symmetry index based on the fraction of the remaining dendritic field compared to what 
would be an entire dendritic field.  α and β are the angles associated with missing 
portions of the dendritic field; α and β are subtracted from 360 and then divided by 360 to 
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Figure 11.  Sema6A-PlexA2 signaling regulates dendritic arborization and 
symmetric organization in On SACs. 
(A-D) Single On SACs labeled with Alexa-555 in wild-type (A), PlexA2-/- (B), Sema6A-/- 
(C), and PlexA2-/-;Sema6A-/- (D) adult retinas.  (A’-D’) Single-plane confocal images of 
magnified fields in (A) to (D) (red rectangles) show that higher-order distal dendrites in 
PlexA2-/- (B’), Sema6A-/- (C’), and PlexA2-/-;Sema6A-/- (D’) retinas exhibit self-avoidance 
defects in comparison to wild-type (A’).  (E-I) Quantification of total dendritic length (E), 
dendritic field area (F), self-crossing number per cell (G), symmetry index (H), and 
dendritic complexity (I, measured by Sholl analyses) shows that overall dendritic 
morphology is disrupted in PlexA2-/-, Sema6A-/-, and PlexA2-/-;Sema6A-/- retinas (n≥12 
SACs per genotype).  Error bars, S.D. *P<0.01.  (J-M’) Sparse, genetic labeling of On 
SACs in wild-type retinas (J to M) shows that dendritic morphology of On SACs is not 
symmetric at P0 (J) but becomes symmetric during the course of early postnatal retinal 
development (K to M).  PlexA2-/- On SACs (J’) are indistinguishable from wild-type (J) 
at P0, however they fail to establish dendritic process symmetry by P4 (red arrows in K’) 
and throughout retinal development (red arrows in L’ and M’).  (N) Quantification of the 
symmetry index in wild-type and PlexA2-/- retinas through early postnatal retinal 
development.  Red bars in (H) and (N) represent the mean value for each genotype.  Scale 
bars, 50 µm in (D) for (A)-(D), 50 µm in (D’) for (A’)-(D’), 20 µm in (J) for (J) and (J’), 
50 µm in (K) for (K) and (K’), 50 µm in (L) for (L) and (L’), and 50 µm in (M) for (M) 
and (M’).  
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Figure 12.  Defects in dendritic arborization and symmetric organization of On 
SACs occur early postnatally in PlexA2-/- mutant retinas. 
(A) Representative images of wild-type (left three columns) and PlexA2-/- retinas (right 
three columns) with a genetically encoded SAC reporter at three developmental time 
points (P0, P2, and P4).  On SACs from wild-type retinas exhibit a variety of dendritic 
morphologies at P0 and P2 (top two rows and left three columns), achieving dendritic 
symmetry as early as P4 (bottom row and left three columns).  On SAC morphology in 
PlexA2-/- mutants (top two rows and right three columns) is indistinguishable from wild-
type On SACs at P0 and P2.  However, PlexA2-/- On SACs fail to establish dendritic 
symmetry at P4 (bottom row and right three columns).  At P4, large gaps between main 
dendritic branches and tangled dendritic processes are observed in in PlexA2-/- On SACs.  
(B and C) Quantification of early postnatal On SAC dendritic field areas (panel B, P0, P2, 
and P4) and late postnatal On SAC dendritic field area (panel C, P14 and P21) in wild-
type and PlexA2-/- mutants.  No significant difference is observed between wild-type and 
PlexA2-/- mutants at P0 (n=52 SACs for each genotype, p=0.58163 by student’s t test).  
However, PlexA2-/- mutants start exhibiting mild phenotypes at P2 (n=30 wild-type SACs, 
n=31 PlexA2-/- SACs, *P<0.001 by student’s t test), and these phenotypes become more 
severe between P4 and P21 (at P4, n=19 wild-type SACs, n=22 PlexA2-/- SACs; at P14, 
n=16 wild-type SACs, n=10 PlexA2-/- SACs; at P21, n=12 wild-type SACs, n=30 PlexA2-
/- SACs. **P<0.0001 by student’s t test).  Error bars, S.D. Note that the dendritic field 
area in wild-type increases from 599.9485±108.39 µm2 at P0 to 30585.19±3595.34 µm2 
at P14, exhibiting a more than 50-fold increase.  This dendritic field area increase is 
accompanied by highly dynamic and rapid outgrowth of the SAC dendrites (see Movie 1).  
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Scale bars: 20 µm in the most right column of the second row for the first and the second 
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Figure 13.  Sparse genetic labeling of On SACs in Sema6A-/- mutants reveals 
dendritic morphology defects similar to those observed in PlexA2-/- mutant retinas, 
and also allows for detailed Z-projection characterization of PlexA2-/- On SACs.  
(A and B) Sparse genetic labeling of On SACs in Sema6A+/- (A) and Sema6A-/- (B) 
retinas at P0.  Neither control nor Sema6A-/- On SACs exhibit symmetrical dendritic 
organization.  (C and D) Quantification of the dendritic field area (C) and the symmetry 
index (D) of On SACs in Sema6A+/- and Sema6A-/- retinas at P0 (n=52 SACs for each 
genotype).  No significant difference was observed between control and Sema6A-/- 
mutants (for dendritic field area, p=0.13778 by student’s t test; for symmetry index, 
p=0.68914 by student’s t test).  Error bars, S.D.  (E and F) Sparse genetic labeling of On 
SACs in Sema6A+/- (E) and Sema6A-/- (F) retinas at P14.  Sema6A-/- On SACs exhibit loss 
of a large portion of their dendritic fields (red arrow in F).  (G and H) Quantification of 
the dendritic field area (G) and the symmetry index (H) of On SACs in Sema6A+/- and 
Sema6A-/- retinas at P14 (n≥16 SACs for each genotype).  Sema6A-/- On SACs exhibit 
significantly reduced dendritic field area (panel G, *P<0.0001 by student’s t test) and 
significant disruptions in dendritic symmetry (panel H, *P<0.0001 by student’s t test).  
Error bars, S.D. Red lines in (D) and (H) represent the mean value of the symmetry index.  
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Figure 14.  The loss of SAC dendritic field coverage and also SAC defects in 
dendritic morphology observed in the absence of PlexA2 are not correlated with 
overall SAC position within PlexA2-/- retinas. 
(A-E) Representative On SAC images in four quadrants of P14 PlexA2+/- retinas (A) are 
shown in B (position 1, dorsal), C (position 2, temporal), D (position 3, ventral), and E 
(position 4, nasal).  PlexA2+/- SACs exhibit radially-symmetric dendritic morphology in 
all positions.  (F-J) En face view of a flat-mounted P14 PlexA2-/- retina with sparse 
genetically labeled SACs.  A range of On SAC dendritic-symmetry defects was found in 
all four quadrants of this retina, and no correlation of SAC dendritic phenotypes with cell 
body position within the retina was observed (G-J, red arrows).  Note in (G), (I), and (J), 
that PlexA2-/- On SACs exhibit a dendritic field loss in multiple directions.  n=2 animals 
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Figure 15.  Dendritic stratification and arborization phenotypes are not correlated 
in PlexA2-/- mutants.  
(A-C) En face projection images of PlexA2+/- (A) and PlexA2-/- On SACs (B and C).  (A’-
C”) Rotated stacked images show cross-sectional views of the same On SACs shown in 
(A), (B), and (C).  PlexA2+/- On SACs exhibit normal dendritic stratification (A’, 
schematics shown in A”, n=10 On SACs).  In contrast, two types of On SACs were 
observed in PlexA2-/- mutants: those with normal dendritic stratification (B’ and B”, n=11 
On SACs), and those with disrupted dendritic stratification (red arrows in C’ and C”, 
n=18 On SACs).  Note that the On SAC in (B) exhibits many self-crossings along distal 
dendritic processes (red rectangle in B), however these dendrites still stratify within their 
proper sublamina (red arrowhead in B’).  (D and D’) En face projection images of 
genetically labeled On SACs in PlexA2+/- (D) and PlexA2-/- retinas (D’).  PlexA2+/- On 
SACs exhibit stereotypic symmetrical morphology (D), whereas PlexA2-/- On SACs lack 
a large portion of their dendritic fields (red arrow in D’).  (E-F’) Rotated stacked images 
to show cross-sectional views of the same On SACs in (D) and (D’).  Despite lacking a 
large portion of their dendritic fields (red arrow in D’), PlexA2-/- On SACs exhibit normal 
dendritic stratification in the portion of the dendritic field that includes massive coverage 
area loss (yellow arrowhead in E’, also see Movie 3).  This strongly suggests that 
dendritic arborization phenotypes and stratification phenotypes are not correlated.  (G) 
All PlexA2+/- On SAC dendrites stratify in the ChAT+ On sublaminae, and pooled 
symmetry indices are close to 1 (n=10 PlexA2+/- On SACs).  In contrast, dendritic-field 
asymmetry in PlexA2-/- On SACs is the same in On SACs that restrict their dendrites to 
the correct On SAC sublamina (middle column of plot, n=11 PlexA2-/- On SACs) and in 
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SACs that extend their dendrites into regions with an aberrant cholinergic plexus between 
the two normal ChAT+ sublaminae (‘crossovers’; right column, n=18 PlexA2-/- On SACs).  
(H) All PlexA2+/- Off SAC dendrites stratify in the ChAT+ Off sublaminae, and pooled 
symmetry indices are close to 1 (n=15 PlexA2+/- Off SACs).  In PlexA2-/- mutants, Off 
SACs retain normal dendritic field symmetry no matter where they stratify their dendrites 
(n=21 PlexA2-/- Off SACs in which stratification occurs in a region that does not include 
a crossover; n=15 PlexA2-/- Off SACs that stratify in a region that includes a dendritic 
process crossover).  Taken together, these data indicate that the defects we observe in 
SAC dendritic arborization are not correlated with stratification crossovers.  Scale bar: 50 
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Figure 16.  Sema6A-PlexA2 signaling is dispensable for Off SAC dendritic 
arborization and ChAT+ plexus organization. 
(A-F’) Sparse genetic labeling of On (A’ and D’) and Off (A and D) SACs coupled with 
anti-ChAT immunostaining of On (B’ and E’) and Off (B and E) SAC dendritic plexuses 
in the same wild-type (A to C’) and Sema6A-/- (D to F’) retinas (D-F and D’-F’ are 
different focal planes from the same field).  On and Off SACs in wild-type retinas exhibit 
stereotypic symmetrical morphology (A and A’).  In contrast, overall dendritic 
organization of Sema6A-/- On SACs (D’, red arrow), but not Off SACs (D and D’, red 
arrow head), is disrupted.  Similarly, SAC plexus organization revealed by anti-ChAT 
immunostaining shows that only the Sema6A-/- On SAC plexus is compromised, as 
indicated by large gaps and holes (yellow arrowheads in E’ and F’).  (G and H) 
Quantification of dendritic field area (G) and symmetry index (H) of wild-type, Sema6A-/-, 
and PlexA2-/- On and Off SACs at P11. Red bars in (H) represent mean value for each 
genotype. Error bars, S.D. *P<0.01 and **P<0.001.  (I) Dendritic plexus organization of 
On SACs in control (left) and ChAT::cre;PlexA2F/- (right) retinas.  Conditional removal 
of PlexA2 protein in all SACs disrupts On, but not Off (see fig. S14, A and B), SAC 
plexus (yellow arrowheads in right panel).  Scale bars, 100 µm in (F’) for (A) to (F’), 100 
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Figure 17.  Off SACs in PlexA2-/- mutant retinas exhibit normal dendritic 
arborization and plexus organization. 
(A-F’) Sparse genetic labeling of On (A’ and D’) and Off (A and D) SACs coupled with 
anti-ChAT immunostaining of On (B’ and E’) and Off (B and E) SAC dendritic plexuses 
in wild-type (A-C’) and PlexA2-/- (D-F’) retinas.  On and Off SACs in wild-type retinas 
exhibit stereotypic symmetrical morphology (A and A’).  In contrast, overall dendritic 
organization of PlexA2-/- On SACs is disrupted (red arrow in D’).  However, PlexA2-/- Off 
SACs display normal dendritic morphology (D).  Similarly, SAC plexus organization 
revealed by anti-ChAT immunostaining shows that only PlexA2-/- On SAC plexuses are 
compromised, as indicated by large gaps and holes (yellow arrowheads in E’ and F’).  
These results also argue against SAC dendritic elaboration phenotypes being associated 
with dendritic stratification phenotypes.  (G) Quantification of average SAC plexus gap 
areas in P11 wild-type, Sema6A-/-, and PlexA2-/- retinas.  Both Sema6A-/- and PlexA2-/- 
mutants exhibit increased gap areas in the On SAC plexus, but not in the Off SAC plexus, 
as compared to wild-type.  n≥17 for each genotype analyzed.  Error bars, s.e.m. 
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Figure 18.  The ROSAiAP reporter expressed in PlexA2-/- SACs also reveals dendritic 
arborization and symmetry defects of On SACs. 
(A and B) Representative images of On SACs in wild-type (A) and PlexA2-/- mutants (B) 
genetically labeled with an alkaline phosphatase (AP) reporter.  Dark purple in (A) and 
(B) results from the AP catalyzed reaction product.  Note that the wild-type On SAC has 
symmetric dendritic organization at P5 (A), whereas the dendrites of the P5 PlexA2-/- On 
SACs are tangled together and fail to elaborate a symmetric arbor (B, red arrowheads).  
(C and D) Quantification of P5 wild-type and PlexA2-/- On SAC dendritic field area (C) 
and symmetry index (D).  Error bars, S.D. n≥39 SACs for each genotype.  *P<0.0001 by 
student’s t test. Red lines in (D) represent the mean value of symmetry index.  (E-G’) 
Representative images of Off (E-G) and On (E’-G’) SACs in P14 wild-type (E and E’), 
PlexA2+/- (F and F’), and PlexA2-/- (G and G’) retinas.  No morphological difference was 
observed between wild-type and PlexA2+/- On and Off SACs.  In contrast, On SAC in 
PlexA2-/- mutants exhibit greatly disrupted morphology (red arrows in G’), whereas the 
overall morphology of Off SACs in PlexA2-/- mutants appears normal (G).  (H and I) 
Quantification of dendritic field area (H) and symmetry index (I) of On and Off SACs in 
P14 wild-type, PlexA2+/-, and PlexA2-/- retinas (n≥10 SACs for each genotype).  No 
significant difference was found between wild-type and PlexA2+/- retinas with respect to 
On and Off SAC dendritic field areas (for On SACs, P=0.79122 by student’s t test; for 
Off SACs, P=0.19512 by student’s t test).  However, PlexA2-/- SACs exhibit reduced 
dendritic field area for both On and Off SACs, in comparison to wild-type SACs (for On 
SACs, **P<0.0001 by student’s t test; for Off SACs, *P<0.001 by student’s t test).  Off 
SACs from wild-type, PlexA2+/-, and PlexA2-/- retinas exhibit symmetric morphology, 
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whereas the dendritic symmetry is disrupted only in PlexA2-/- On SACs (I).  Error bars, 
S.D. Red lines in (I) represent mean values of the symmetry index.  Scale bars: 20 µm in 
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Figure 19.  Conditional removal of PlexA2 in SACs does not disrupt Off SAC 
dendritic plexus organization, and Sema6B, 6C, and 6D are not required for On or 
Off SAC dendritic plexus organization.  
(A) Dendritic plexus organization of Off SACs in control (left) and ChAT::cre; PlexA2F/- 
(right) retinas.  Conditional removal of PlexA2 protein in SACs does not disrupt Off SAC 
plexus organization.  (B) Quantification of On and Off SAC plexus gap areas in control 
and ChAT::cre; PlexA2F/- retinas.  ChAT::cre; PlexA2F/- animals exhibit increased gap 
areas in the On SAC plexus, but normal gap areas in the Off SAC plexus as compared to 
control animals.  Together with results in Fig. 4I, these observations show that PlexA2 is 
cell-type autonomously required for On, but not Off, SAC dendritic plexus organization. 
n≥6 for both genotypes examined.  Error bars, s.e.m.  *P<0.0001 by student’s t test.  (C) 
Flat-mount views of Off (top panels) and On SAC (bottom panels) dendritic plexuses in 
P21 wild-type, Sema6A-/-, Sema6B-/-, and Sema6C-/-;Sema6D-/- mutant retinas, labeled 
using anti-ChAT immunostaining.  Only the On SAC dendritic plexus in Sema6A-/- 
mutants exhibits large gaps and holes (indicated by yellow asterisks).  The other 
genotypes show normal ChAT+ plexus organization.  n=3 animals for each genotype.  (D) 
Quantification of average gap areas of On and Off SAC plexus in P21 wild-type, 
Sema6A-/-, Sema6B-/-, and Sema6C-/-;6D-/- retinas.  Sema6A-/- mutants exhibit increased 
On SAC plexus gap areas, but normal Off SAC plexus gap areas, as compared to wild-
type.  In contrast, Sema6B-/- and Sema6C-/-;6D-/- mutants exhibit indistinguishable On and 
Off SAC plexus gap areas as compared to wild-type.  n≥6 for each genotype analyzed.  
Error bars, s.e.m. *P<0.0001.  Scale bar: 100 µm in the right panel of (A) for (A) and (C).  
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Figure 20.  On direction-selective tuning of bistratified TRHR-GFP+ direction-
selective ganglion cells is compromised in Sema6A-/- mutants. 
(A) Representative light-evoked EPSC traces of wild-type (top) and Sema6A-/- (bottom) 
On SACs (voltage-clamped at -70mV for both).  Recordings from wild-type (n=7) and 
Sema6A-/- (n=8) On SACs show similar excitatory light responses.  (B) The amplitude of 
light-evoked EPSCs is the same in wild-type and Sema6A-/- On SACs. Error bars, s.e.m.   
(C and D) Responses by TRHR-GFP+ On-Off direction-selective ganglion cells to 
drifting bars from individual TRHR-GFP; Sema6A+/- RGCs (C) and TRHR-GFP; 
Sema6A-/-RGCs (D).  The red tuning curve shows the mean On response (spike count 
during On response phase), and the blue tuning shows the mean Off response (spike 
count during Off response phase); red and blue arrows indicate vector sums of the On and 
Off responses, respectively.  Traces show the response data for one repetition of bar 
stimuli (5s for each trial).  P, posterior direction in visual coordinates; sp, total number of 
spikes.  (E) On vector sum values vs. Off vector sum values for TRHR-GFP; Sema6A+/- 
cells (black filled circles) and TRHR-GFP; Sema6A-/- cells (gray rings).  Horizontal and 
vertical lines represent S.D. values.  (F) Alexa-555 dye-fills of individual TRHR-GFP+ 
On-Off direction-selective ganglion cells and immunostaining with anti-VAChT in 4wk 
Sema6A+/- (left column) and Sema6A-/- mutants (right column) reveal that TRHR-GFP; 
Sema6A-/- On-Off direction selective ganglion cells still co-fasciculate with On SAC 
dendritic processes and display normal dendritic arbor morphology in the On plexus (also 
see fig. S16).  Scale bars, 100 µm in the middle right panel of (F) for top and middle 
panels, 25 µm in the bottom right panel of (F) for the bottom two panels. 
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Figure 21.  Sema6A-/- mutants exhibit aberrant GABAergic light-evoked IPSCs.  
(A-B’) Representative light-evoked IPSC traces from wild-type (A and A’) and Sema6A-/- 
(B and B’) On SACs (voltage-clamped at 0mV for all experiments).  Panels A’ and B’ 
show the onset of light-evoked IPSC traces (from A and B, respectively) with expanded 
time scales.  The amplitude of wild-type light-evoked IPSCs does not exceed 100 pA (A 
and A’), whereas Sema6A-/- mutants exhibit a large (over 300 pA) light-evoked IPSC (red 
arrows in B and B’ point to the aberrant current).  (C) Quantification of the amplitude of 
the light evoked-IPSCs in wild-type (n=4 On SACs) and Sema6A-/- retinas (n=5 On 
SACs).  Error bars, s.e.m.  *P=0.04319 by student’s t test.  (D) Recordings from Sema6A-
/- On SACs show that the aberrant IPSCs observed at the onset of light stimulus are 
completely blocked by 100 µM PTX (picrotoxin, an antagonist of both GABAA and 
GABAC receptors, n=4, top panel).  These currents are partially recovered following 
washout (n=3, bottom panel).  Light stimulations for all experiments were a full field, 
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Figure 22.  TRHR-GFP; Sema6A-/- direction-selective ganglion cell dendrites 
cofasciculate with On and Off SAC dendrites.  
Alexa-555 dye-filling individual TRHR-GFP; Sema6A+/- direction-selective ganglion 
cells (A and C) and TRHR-GFP; Sema6A-/- direction-selective ganglion cells (F and H), 
coupled with anti-VAChT immunostaining (B, B’, D, D’, G, G’, I, and I’).  TRHR-GFP; 
Sema6A+/- direction-selective ganglion cells bistratify with Off (B and B’) and On (D and 
D’) SAC dendritic plexuses.  Although the On SAC dendritic plexus is disrupted in 
Sema6A-/- mutants (compare D and I), TRHR-GFP; Sema6A-/- direction-selective 
ganglion cells still co-fasciculate with both Off (G and G’) and On (I and I’) SAC 
dendritic plexuses.  (E and J) Z-stack projections of both On and Off THRH-GFP+ 
dendrites from a single On-Off DSGC in Sema6A+/- and Sema6A-/- retinas.  Scale bars: 
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Figure 23.  TRHR-GFP; Sema6A-/- On-Off direction-selective ganglion cells exhibit 
similar On and Off dendritic field areas as observed in TRHR-GFP; Sema6A+/- mice.  
(A) Representative images of Alexa-555 dye-filled TRHR-GFP; Sema6A+/- direction-
selective ganglion cells (left three columns) and TRHR-GFP; Sema6A-/- direction-
selective ganglion cells (right three columns).  The three rows (from top to bottom) show 
(1) the Off plexus, (2) the On plexus, and (3) complete Z-projection (On and Off plexus) 
of individual TRHR-GFP+ On-Off direction-selective ganglion cells.  (B) Quantification 
of Off and On dendritic field areas of TRHR-GFP+ On-Off direction-selective ganglion 
cells.  TRHR-GFP; Sema6A-/- direction-selective ganglion cells do not exhibit 
significantly altered dendritic field areas, as compared to TRHR-GFP; Sema6A+/- 
direction-selective ganglion cells (n=15 TRHR-GFP+ direction-selective ganglion cells 
from 2 animals for both genotypes.  For Off dendritic field areas, p=0.27; for On 
dendritic field areas, p=0.08. Statistical analyses were performed using Students’ t test.). 
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Figure 24.  Sema6A-PlexA2 signaling in the development of SACs and the functional 
assembly of direction-selective retinal circuits.    
Sema6A-PlexA2 signaling participates in two aspects of SAC development in the early 
postnatal mammalian retina.  (A) In the Z plane, PlexA2 is expressed in both On and Off 
SACs, whereas Sema6A is expressed only in the lower half of the inner plexiform layer 
and in On, but not Off, SACs. Repulsive Sema6A-PlexA2 signaling in trans segregates 
initially entangled On and Off SAC processes between P2 and P3.  (B) In the X-Y plane, 
continuous expression of both Sema6A and PlexA2 in On SACs functions to separate 
rapidly-extending dendritic processes throughout early retinal development (P2-P10).  In 
wild-type retinas, On SACs are not symmetrically organized at P0.  In the presence of 
intact Sema6A and PlexA2 signaling, On SAC dendrites avoid each other during this 
early phase of SAC dendritic development, leading to elaboration of symmetric SAC 
dendritic fields by the end of postnatal retinal development.  In the absence of Sema6A, 
PlexA2, or both, many On SAC dendrites fail to fully separate from one another.  This 
affects dendritic process dynamics and eventually causes dendritic field area and 
symmetry defects in Sema6A-/-, PlexA2-/-, and Sema6A-/-;PlexA2-/- mutants.  The 
disruption of On SAC dendritic plexuses affects GABAergic connectivity among On 
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Movies 1 and 2: Ex vivo live imaging of On SACs from ChAT::cre; ROSA LSL-Tdtomato 
(Movie 1) and ChAT::cre; ROSA LSL-Tdtomato; PlexA2-/- (Movie 2) retinas at P1 (12 hrs. 
total live imaging, with one image every 20min). 
 
Movie 3: Dendritic stratification and arborization phenotypes are not correlated in 
PlexA2-/- mutants (Z-stack of P21 PlexA2+/- and PlexA2-/- retinas with sparse SAC genetic 
labeling, followed by rotation to reveal the Z-plane SAC stratification in the inner 
plexiform layer). 
 
Movie 4: En face views of genetically labeled On and Off SACs in Sema6A+/- and 
Sema6A-/- retinas (Z-stack of P11 retinas, starting from the ganglion cell layer to the inner 
nuclear layer). 
 
Movie 5: En face view (from Off plexus to the inner nuclear layer) of genetically labeled 
Off SACs in a P14 PlexA2+/- retina, followed by Z-stack projection of the same Off SAC 
to show its X-Y-plane morphology, and then a rotation to reveal dendritic stratification in 
the inner plexiform layer. Yellow arrow indicates dendritic stratification in the Off plexus.  
 
Movie 6: En face view (from Off plexus to the inner nuclear layer) of genetically labeled 
Off SACs in a P14 PlexA2-/- retina, followed by Z-stack projection of the same Off SAC 
to show its X-Y-plane morphology, and then a rotation to reveal dendritic stratification in 
the inner plexiform layer. Yellow arrow (in the Z plane) indicates normal dendritic 
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stratification in the Off plexus, and yellow arrowheads (in the X-Y plane and the Z plane) 
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Chapter 3. Guidance-cue Signaling Controls the Development 





The detection of object motion is an essential visual system function mediated by 
direction selective (DS) circuitry in the retina and in retinorecipient brain regions targeted 
by DS retinal ganglion cells.  In addition to tracking moving objects, a critical function 
served by visual system DS responses is the ability to compensate for global visual field 
motion.  This can be caused by the observer’s rapid head movements, or by overall slow 
movement of the observer through the visual scene.  Failure to execute image-stabilizing 
eye movements that compensate for self-induced global visual field motion results in 
blurred image perception.  To prevent this, the accessory optic system (AOS) of the 
mammalian visual system and the vestibular system converge to direct oculomotor output 
critical for image stabilization (Simpson, 1984).  The vestibular semicircular canals 
compensate for rapid head movements by driving eye rotation in the opposite direction to 
generate the vestibular ocular reflex (VOR).  The AOS, responding to slow velocity 
motion of the visual field, elicits finely graded eye movements called the optokinetic 
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reflex (OKR) that compensate for retinal slip and stabilize slowly moving images 
(Masseck and Hoffmann, 2009).  The AOS constitutes primary visual system circuitry 
present in all vertebrates, including humans (Fredericks et al., 1988; Kubo et al., 2014; 
Masseck and Hoffmann, 2009; Simpson, 1984), and it includes subpopulations of 
direction-selective ganglion cells (DSGCs) and their central targets in the midbrain.  In 
mammals, these central targets are the medial terminal nucleus (MTN) in the ventral 
region of midbrain adjacent to the cerebral peduncle and substantia nigra, and the dorsal 
terminal nucleus (DTN) and the nucleus of optic tract (NOT), which together are located 
in the dorsal midbrain anterior to the superior colliculus (SC) (Dhande and Huberman, 
2014).  
Although AOS anatomy was described over a century ago (Simpson, 1984), the 
identity and function of its various components have recently been understood in greater 
depth owing the generation of several genetic tools (Dhande et al., 2013; Kay et al., 2011; 
Triplett et al., 2014; Yonehara et al., 2009; Yonehara et al., 2008).  AOS brain targets 
receive direct retinal input from On direction-selective ganglion cells (On DSGCs) and 
also from a subpopulation of On-Off DSGCs.  On DSGCs, which respond to bright 
objects moving at slow speed, are a major AOS component and their dendrites co-stratify 
with On starburst amacrine cell (On SAC) dendrites in the S4 sublamina of the retina.  
On DSGC axons project to all three AOS nuclei in the midbrain: the MTN, DTN, and 
NOT (Dhande et al., 2013; Yonehara et al., 2009; Yonehara et al., 2008).  In addition to 
On DSGCs, a newly discovered population of On-Off DSGCs with relatively small 
dendritic fields and a preference for forward, slow-velocity, image motion target the NOT 
and SC (Dhande et al., 2013).  DSGC innervation of the different AOS brain targets 
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mediates distinct OKR responses; innervation of the MTN drives vertical OKRs, whereas 
innervation of the DTN/NOT mediates horizontal OKRs (Fredericks et al., 1988; Pak et 
al., 1987; Simpson, 1984).  Moreover, deletion of Brn3b+ RGCs (~80% of total RGCs) 
disrupts most retinorecipient targeting events, thereby leading to global defect in visual 
system function that include compromised AOS vertical and horizontal OKR responses 
(Badea et al., 2009a).  
Mammalian retinal ganglion cells establish connections with central brain targets 
during embryonic and early postnatal development (Haupt and Huber, 2008).  Visual 
system circuit assembly depends on a series of accurately executed events during neural 
development, including: emergence and extension of RGC axons within the developing 
retina towards the inner limiting membrane (ILM); outgrowth and guidance of RGC 
axons out of the retina through optic nerve head; segregation of ipsilateral and 
contralateral RGC axon projections at the optic chiasm; initial targeting of axons to 
various retinorecipient brain regions; elaboration of synapses; and pruning and 
refinement of RGC projections (Sanes and Zipursky, 2010).  A myriad of molecules and 
signaling pathways direct these events during the assembly of the vertebrate main optic 
system, including the retinorecipient targeting and RGC projection refinement (Haupt 
and Huber, 2008).  For example, Ephrins, Wnts and their receptors are required for 
topographic mapping of RGC axons within the superior colliculus (SC) (McLaughlin and 
O'Leary, 2005; Schmitt et al., 2006), and Eph-dependent and independent signaling 
pathways direct retinogeniculate targeting (Culican et al., 2009; Nie et al., 2010).  In 
zebrafish, Robo-Slit signaling along with extracellular matrix components sculpt 
laminae-specific targeting of RGC axons within the tectum (Robles and Baier, 2012).  
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However, the mechanisms underlying retinorecipient targeting in the AOS remain 
unknown.   
Here, we identify a guidance cue signaling pathway essential for the elaboration 
of RGC axon targeting during AOS development.  We show that plexin A2 
(PlexA2)/PlexA4-semaphorin 6A (Sema6A) signaling regulates On DSGC innervation of 
the MTN, utilizing “reverse signaling” whereby Sema6A functions as a receptor in RGC 
axons.  On DSGC failure to innervate the MTN in the absence of PlexA2/PlexA4-
Sema6A signaling leads to defined OKR defects.  These results provide insight into how 




To explore accessory optic system (AOS) circuit assembly we first asked whether 
the transmembrane guidance cue Sema6A, which is required for certain direction 
selective (DS) responses to fast moving objects in On-Off DSGCs (Sun et al., 2013), is 
expressed in On DSGCs.  On DSGC dendrites stratify together with On SACs in the 
inner plexiform layer (IPL) of the retina, their axons project to central AOS 
retinorecipient targets, and they respond to relatively slow-velocity image motion 
(Dhande and Huberman, 2014).  We performed immunohistochemistry for GFP and 
Sema6A in wholemount retinas from a knock-in mouse line (SPIG1::GFP) that 
specifically labels a subpopulation of On DSGCs in the ventral region of the mouse retina 
(Yonehara et al., 2009; Yonehara et al., 2008).  We found that all SPIG1::GFP+ RGCs 
are Sema6A immunopositive throughout early postnatal retina development (Figures 
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25A-A”, 26A-D”, and 26E-H”; quantified in Figure 25I).  In addition, Sema6A 
immunoreactivity is detected in most Hoxd10-GFP+ RGCs (Figures 25B-B”, quantified 
in Figure 25I) in retinas from a BAC transgenic line (Hoxd10-GFP) in which GFP is 
expressed in all three populations of AOS On DSGCs; On DSGCs that respond to lower-
velocity upward, downward, or forward motion, and also a small population of AOS On-
Off DSGCs that responds to forward lower-velocity image motion (Dhande et al., 2013).   
To ask if Sema6A protein is present on On DSGC axons, we performed retinal 
injections of cholera toxin subunit b conjugated with Alexa555 (CTB-555) to label RGC 
axon projections to the medial terminal nucleus (MTN, the major retinorecipient target of 
On DSGCs tuned to slow motion detection along the dorsal-ventral axis (Yonehara et al., 
2008)), followed by Sema6A immunohistochemistry.  We found that Sema6A 
immunoreactivity co-localizes with CTB-555 fluorescence (Figures 25C-C”).  To further 
investigate Sema6A expression by On DSGC axons innervating the MTN, we utilized an 
alkaline phosphatase (AP) colorimetric reaction in the Sema6A heterozygous mouse line 
that harbors a “PLAP Trap” insertion in a Sema6A intron and thus expresses AP robustly 
in axons extending from Sema6A+ neurons (Leighton et al., 2001).  Indeed, we found that 
the AP reaction product is present in axons innervating the MTN (Figures 25D-D”’, 
white arrows).  These results show that Sema6A is expressed in On DSGCs and strongly 
suggest that Sema6A protein is present in both cell bodies and axons of On DSGCs that 
innervate the MTN.  
 A second major population of direction-selective ganglion cells, On-Off DSGCs, 
stratify their dendrites with both On and Off SACs in the IPL, project their axons to the 
dorsal lateral geniculate nucleus (dLGN) of the thalamus and the SC in the dorsal 
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midbrain, and includes RGCs that respond to higher-velocity image motion in all four 
cardinal directions (Dhande and Huberman, 2014).  Is Sema6A expressed in these On-Off 
DSGCs?  We performed wholemount Sema6A immunohistochemistry on retinas derived 
from DRD4-GFP and TRHR-GFP mice, two well-characterized BAC transgenic lines 
that genetically label subpopulations of On-Off DSGCs (Huberman et al., 2009; Kay et 
al., 2011; Rivlin-Etzion et al., 2011).  Sema6A immunoreactivity is not detected in 
DRD4-GFP+ (Figures 25E-E” and 26I-L”) and in only a small fraction of postnatal day 1 
(P1) TRHR-GFP+ (Figures 25F-F” and 26M-P”) RGC cell bodies (quantified in Figure 
25I).  In addition, Sema6AAP+ fibers are not present in the outer shell of the dLGN 
(Figures 25G-G”) or the superficial layer of the SC (Figures 25H-H”), two well-
characterized On-Off DSGC retinorecipient target (Dhande and Huberman, 2014), in 
mice heterozygous for the PLAP-Trap Sema6A allele.  Moreover, we found that at P10 
Sema6A immunoreactivity does not colocalize with cocaine- and amphetamine- 
regulated transcript (CART) (Figures 26Q-Q”), a marker for a vast majority of On-Off 
DSGCs but not for Hoxd10-GFP+ On-Off DSGCs (Dhande et al., 2013; Kay et al., 2011).  
Therefore, Sema6A is a robust marker of AOS RGCs and is not expressed by DRD4-
GFP+, TRHR-GFP+, or CART+ On-Off DSGCs.  
The selective expression of Sema6A in cell bodies and axons of On DSGCs raised 
the possibility that Sema6A directly participates in the development of these neurons.  
We first analyzed the central projections of On DSGCs in wild-type and Sema6A-/- null 
mutants using retinal CTB injections.  In wild-type adult mice innervation of the MTN, a 
major On DSGC central target, can be visualized on the ventral brain surface in whole-
mount preparations (white arrows in Figure 27A) and also in coronal brain sections 
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(white arrow in Figure 27B).  However, axon projections to the MTN in Sema6A-/- 
mutants are greatly compromised (Figures 27A’ and 27B’).  Although there is minimal 
innervation of the dorsal-most and ventral-most regions of the MTN, axon projections to 
most of the MTN are absent in Sema6A-/- mutants (n=10 animals, phenotype observed 
with complete penetrance and expressivity).  To further investigate On DSGC-MTN 
innervation we used two mouse lines that genetically label On DSGCs: SPIG1::GFP, 
which labels a subset of MTN-innervating On DSGCs from embryonic stage e12.5 to 
postnatal developmental stages up to ~P13 (Yonehara et al., 2009; Yonehara et al., 2008), 
when the GFP signal becomes very weak; and Hoxd10-GFP, which labels all On DSGCs 
from late embryonic stages through adulthood (Dhande et al., 2013).  We observed GFP 
expression following introduction of these GFP alleles into Sema6A-/- mutants and found 
that both SPIG1::GFP+ (Figures 27C-D’) and Hoxd10-GFP+ (Figures 28A-B’) 
projections that innervate the MTN are greatly diminished in Sema6A-/- mutants, 
providing additional support for the conclusion that Sema6A is required for On DSGC 
connectivity with the MTN.  
 In addition to the MTN, AOS On DSGCs also innervate two additional midbrain 
targets: the dorsal terminal nucleus (DTN) and the nucleus of optic tract (NOT) (Simpson, 
1984).  To characterize On DSGC axonal innervation of these AOS retinorecipient 
targets, we performed both retinal CTB injections and genetic labeling experiments in 
control and Sema6A-/- mutants.  Compared to the controls, Sema6A-/- mutant On DSGC 
axonal projections to the DTN are reduced but still present (Figures 27E and 27E’, 
Figures 28G and 28G’), whereas the innervation to the NOT is not reduced (Figures 27F, 
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27F’, 28H and 28H’).  Thus, Sema6A is partially required for On DSGC-DTN 
innervation but is apparently dispensable for projections to the NOT.  
 Is Sema6A required for retinorecipient targeting by other classes of RGCs?  We 
first utilized retinal CTB injections to assess general RGC targeting in control and 
Sema6A-/- mutants.  Compared to wild-type, Sema6A-/- mutants exhibit normal RGC 
innervation of the LGN (Figures 28C and 28C’), SC (Figures 28D and 28D’), 
suprachiasmatic nucleus (SCN) (Figures 28E and 28E’), and olivery pretectal nucleus 
(OPN) (Figures 28F and 28F’).  We next characterized the axonal projections of Sema6A 
immuno-negative On-Off DSGCs in Sema6A-/- mutants.  We crossed the TRHR-GFP and 
DRD4-GFP reporter alleles into Sema6A+/- and Sema6A-/- backgrounds, genetically 
labeling the central projections of these two types of On-Off DSGC.  In Sema6A+/- mice, 
both TRHR-GFP+ and DRD4-GFP+ axons target the “shell” region of the dLGN (Figures 
27G and 28I) and the superficial layer of the SC (Figures 27H and 28M) (see also 
(Dhande and Huberman, 2014).  In Sema6A-/- mutants, both TRHR-GFP+ and DRD4-
GFP+ On-Off DSGCs exhibit normal dLGN (Figures 27G’ and 28I’) and SC (Figures 
27H’ and 28M’) innervation, showing that Sema6A is not required for retinorecipient 
targeting by these On-Off DSGCs.  In addition, analysis of other RGC subtypes revealed 
no obvious defects with respect to retinorecipient targeting to the dLGN “core” (revealed 
by CB2-GFP (Huberman et al., 2008b), Figures 28J and 28J’); IGL and vLGN (revealed 
by Cdh3-GFP (Osterhout et al., 2011), Figures 28K and 28K’); and OPN (revealed by 
Cdh3-GFP, Figures 28L and 28L’) in Sema6A-/- mutants.  Therefore, Sema6A is required 
for AOS retinorecipient innervation of the MTN, and to a lessor extent the DTN, but is 
dispensable for retinorecipient innervation by other non-AOS RGC subtypes.    
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 Retinorecipient targeting by RGC axons proceeds in multiple steps, including 
initial targeting by early-arriving axons, subsequent innervation by follower axons, and 
pruning to remove excess projections (Haupt and Huber, 2008; Huberman et al., 2008a).  
When is the onset and what is the nature of the On DSGC-MTN innervation defect we 
observe in Sema6A-/- mutants?  We addressed this question by analyzing the innervation 
pattern of SPIG1::GFP+ RGC axons throughout embryonic and early postnatal visual 
system development.  In control animals, SPIG1::GFP+ axons arrive at their ventral 
midbrain target as early as e14.5 (Figure 29A).  Additional SPIG1::GFP+ axons reach the 
MTN at e16.5 (Figure 29B), and MTN innervation by RGCs becomes apparent 
throughout late embryonic development (Figures 29C and 29D) (Yonehara et al., 2008).  
In Sema6A-/- mutants, SPIG1::GFP+ fibers reach their target at e14.5 (Figure 29A’) and 
look like Sema6A+/- controls (including similar normalized fiber intensity, a measure of 
total innervation of the MTN region (see Experimental Procedures), quantified in Figure 
29E), and similar total innervation area (see Experimental Procedures, quantified in 
Figure 30C).  However, at e16.5, Sema6A-/-; SPIG1::GFP+ fibers appear defasciculated 
and innervate a much broader area in the region of the MTN as compared to controls (red 
arrows in Figure 29B’, quantified in Figure 30C).  Interestingly, the normalized fiber 
intensity at e16.5 is the same in Sema6A-/- mutants and controls (quantified in Figure 
29E), suggesting that RGC axons innervating the MTN do not retract or degenerate at 
this early developmental stage.  These innervation defects become more severe at later 
developmental stages (Figures 29C’ (e18.5) and 29D’ (P1); quantification in Figures 29E 
and 30C).  Therefore, although On DSGC axons reach the MTN in Sema6A-/- mutants 
during early embryonic stages similar to controls, these mutant On DSGC axons 
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innervate the MTN in a defasciculated fashion rather than as a discrete bundle, and they 
then extend over a wide region in the vicinity of the MTN.  By e18.5, reduced 
innervation in Sema6A-/- mutants is apparent in the ventral MTN region.  This reduction 
in innervation continues as development proceeds and is quite robust by P1 (Figures 
29A-D’, quantified in Figure 29E).   
 The On DSGC-MTN innervation defects observed in Sema6A-/- mutants (Figure 
29D’) raise the critical issue of whether On DSGC cell number is altered in these mutants.  
To address this question, we used the SPIG1::GFP allele to label On DSGC cell bodies 
throughout retina development.  Sema6A-/-; SPIG1::GFP+ RGC cell number is the same 
as what we observe in Sema6A+/-; SPIG1::GFP+ RGCs at e14.5 (Figures 29F, 29F’, 30G 
and 30G’) and, importantly, at later embryonic stages when the On DSGC-MTN 
innervation defects in Sema6A-/- mutants are already prominent (at e16.5: Figures 29G, 
29G’, 30H and 30H’; and at e18.5: Figures 29H, 29H’, 30I and 30I’).  RGC apoptosis 
during retinal development is normally apparent by e18.5 (Pequignot et al., 2003), and 
this is reflected in the reduction of GFP+ On DSGCs we observe in SPIG1::GFP; 
Sema6A+/- retinas from late embryogenesis to P10 (Figures 29F-I and 30G-L, quantified 
in Figure 29J).  However, we observe in SPIG1::GFP; Sema6A-/- retinas that GFP+ RGC 
cell number exhibits a greater decrease than in controls, starting at P1 and continuing 
throughout early postnatal retina development (Figures 29F’-I’ and 30G’-L’, quantified 
in Figure 29J).  By P10, Sema6A-/-; SPIG1::GFP+ retinas exhibit 68% of the number of 
GFP+ RGCs observed in Sema6A+/-; SPIG1::GFP+ retinas (control GFP+ cell number in 
the ventral retina=304.7±9.4, Sema6A-/- GFP+ cell number in the ventral retina=95.8±7.1; 
mean±SEM, P<10-6).  Cell apoptosis analysis also reveals a significant increase in 
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SPIG1::GFP; Sema6A-/- retinas at e18.5 as compared to controls with respect to RGCs 
that are immuno-positive for both SPIG1::GFP and Cleaved-Caspase3 (Figures 31F-H’, 
quantified in Figure 31I); this shows that an increased number of Sema6A-/-; 
SPIG1::GFP+ RGCs undergo cell apoptosis during late embryogenesis compared to the 
normal apoptosis observed at this stage in SPIG1+ RGC development in Sema6A+/-; 
SPIG1::GFP+ retinas.  Therefore, Sema6A+ On DSGC axons project to, and are 
stabilized within, the MTN region during embryonic development.  In the absence of 
Sema6A, On DSGCs exhibit aberrant MTN innervation that is apparent at e16.5 and at 
e18.5, developmental time points when On DSGC cell number in this mutant remains 
similar to controls.  However, by P1 further consequences of these MTN innervation 
defects become apparent, including enhanced On DSGC apoptosis.   
 To make sure that the reduction in GFP+ RGCs we observe in Sema6A-/- mutants 
is not particular to SPIG1::GFP reporter mice, we also characterized GFP+ RGC number 
using the Hoxd10-GFP reporter in Sema6A+/- and Sema6A-/- genetic backgrounds.  An 
advantage of using Hoxd10-GFP is that in this line GFP expression persists throughout 
adulthood (Dhande et al., 2013), unlike the SPIG1::GFP reporter in which GFP 
expression diminishes in the ventral retina during postnatal development and ceases by 
P13 (Yonehara et al., 2008).  Compared to control retinas, Sema6A-/-; Hoxd10-GFP+ 
RGC number exhibits a significant decrease of ~37% in retinas of 3 week-old animals 
(compare Figures 29K and 29K’; quantified in Figure 30D; Sema6A+/-; Hoxd10-GFP+ 
cell density=189.6±5.8/mm2, and Sema6A-/-; Hoxd10-GFP+ cell density=118.9±7.0/mm2; 
mean±SEM, P<10-5).  This decrease in GFP+ RGC number observed in P21 Hoxd10-
GFP; Sema6A-/- mutants is less severe than that observed in P10 SPIG1::GFP; Sema6A-/- 
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mutants (~37% compared to ~68%, respectively), and this likely reflects differences in 
AOS RGC populations labeled by these two reporters.  SPIG1::GFP labels On DSGCs in 
the ventral retina tuned for upward-directed motion (Yonehara et al., 2009), whereas 
Hoxd10-GFP labels On DSGCs tuned for upward, downward, and forward-directed 
motion, in addition to a newly defined population of forward motion-tuned On-Off 
DSGCs (Dhande et al., 2013).  Sema6A-/- mutants show retinorecipient connectivity 
defects that most strongly compromise MTN innervation, suggesting that Sema6A is 
required in only a subset of the AOS RGCs labeled by the Hoxd10::GFP reporter.  
Indeed, increased RGC apoptosis observed in Hoxd10::GFP; Sema6A-/- retinas compared 
to controls can be accounted for by loss of a significant fraction of the On DSGCs tuned 
for vertical motion detection and that innervate the MTN, with the concomitant retention 
of the other classes of AOS RGCs.  Taken together with our observations of early defects 
in SPIG1::GFP+ axon innervation to the MTN in Sema6A-/- mutants followed by 
significant increases in apoptosis of this On DSGC population later in development at 
early postnatal stages, these results strongly suggest that the early Sema6A-/- On DSGC-
MTN innervation phenotypes contribute to the later increased apoptosis of these DSGCs.   
Sema6A is expressed in On SACs (Sun et al., 2013) but not in TRHR-GFP+, 
DRD4-GFP+, or CART+ On-Off DSGCs (Figures 25 and 26).  Loss of Sema6A does not 
lead to a change in On SAC cell number, as revealed by anti-ChAT flatmount retinal 
staining in Sema6A-/- mutants and controls (Figures 30E and 30E’, quantified in Figure 
30F).  Further, we find that the number of Brn3b+ RGCs (Brn3B+ RGCs constitute ~80% 
of total RGCs (Badea et al., 2009a)) is the same in controls and Sema6A-/- mutants at P3 
(Figures 31D-E), suggesting that loss of Sema6A only affects a subset of On DSGCs (~1% 
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of total RGCs (Yonehara et al., 2008)).  As expected, RGC subtypes that do not express 
Sema6A, including TRHR-GFP+ and DRD4-GFP+ (Figure 25), show no evidence of 
increased apoptosis in Sema6A-/ mutants (Figures 29L-M’ and 31A-C’, quantified in 
Figure 29N).  Therefore, Sema6A is not generally required in retinal neurons for cell 
survival, and these results also show that in Sema6A-/- mutants connectivity defects 
between On DSGCs and the MTN result in enhanced cell apoptosis within this same 
population of DSGCs.  
Sema6A is required for RGC innervation of the MTN.  In its absence, On DSGCs 
arrive in the vicinity of the MTN but extend more broadly in the region of the MTN such 
that normal target recognition apparently fails, resulting in the subsequent death of a large 
fraction of these On DSGCs.  What are the molecular mechanisms utilized by Sema6A to 
direct On DSGC-MTN innervation?   
PlexA2 is a Sema6A binding partner and serves as a functional Sema6A receptor 
in a several neural tissues including the hippocampus, the cerebellum, and the retina 
(Renaud et al., 2008a; Sun et al., 2013; Suto et al., 2007).  For example, PlexA2-/- mutants 
phenocopy Sema6A-/- mutants with respect to deficits in dendritic development of On 
SACs, a cell type that provides presynaptic inhibitory input onto On DSGCs (Sun et al., 
2013).  To ask whether or not PlexA2 regulates Sema6A+ On DSGC retinorecipient 
targeting, we analyzed On DSGC-MTN innervation in PlexA2 null mutants.  We found 
that PlexA2-/- mutants exhibit normal development of On DSGC-MTN trajectories, as 
revealed by CTB retinal injections (Figures 32A and 32A’) and also by genetic labeling 
using SPIG1::GFP reporter mice  (Figures 32B and 32B’).  In addition, we found that 
RGC projections to all other retinorecipient brain targets are generally normal in PlexA2-/- 
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mutants (Figures 33A-E’ and 33F-J’).  PlexA4, along with PlexA2, is also a functional 
Sema6A receptor in the hippocampus, in subcortical projections to the spinal cord, and in 
the retina (Matsuoka et al., 2011b; Runker et al., 2008; Suto et al., 2007).  Consistent 
with our previous findings (Matsuoka et al., 2011b), all AOS RGC axon trajectories are 
apparently formed normally in PlexA4-/- mutants (Figures 34A-D’), as are most other 
retinorecipient connections.  We used a genetic approach to address whether or not 
PlexA2 and A4 in the retina play any role in On DSGC innervation of the MTN.  
Importantly, removing PlexA2 specifically in the neural retina in a PlexA4-/- background 
does not lead to any On DSGC-MTN innervation defects (Figures 32C and 32C’) or any 
targeting defects to the DTN and NOT (Figures 34I-J’).  Taken together, these results 
show that neither PlexA2 nor PlexA4 alone mediates Sema6A-dependent On DSGC-
MTN innervation, and they also show that these plexins do not function in the retina to 
mediate retinorecipient targeting of On DSGCs. 
PlexA2 and PlexA4 receptors together mediate Sema6A/6B-dependent 
development of hippocampal mossy fibers (Suto et al., 2007; Tawarayama et al., 2010), 
however neither PlexA2 nor PlexA4 is expressed in retinal ganglion cells (Matsuoka et 
al., 2011a).  Therefore, we next asked if PlexA2 and PlexA4 expression suggests how 
these proteins might function to direct On DSGC-MTN connectivity.  Using the PlexA2 
conditional allele that is also LacZ reporter line (Sun et al., 2013), we observed X-gal 
staining in cells residing in the ventral region of the MTN (Figures 32D-G; see black 
arrowheads in 32D and 32F).  This putative PlexA2 expression pattern was confirmed by 
performing double immunohistochemistry in the MTN region using antibodies specific 
for PlexA2 (Suto et al., 2007) and GFP on SPIG1::GFP embryonic brain sections 
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(Figures 32H-J).  We found that PlexA2 protein is localized in the ventral MTN (vMTN) 
region at e18.5, and in addition, robust PlexA4 immunoreactivity is also found in the 
vMTN region at e18.5 (Figures 32K-M).  We also observed that neither PlexA2 nor 
PlexA4 immunoreactivity in the vMTN apparently co-localizes with the SPIG1::GFP 
reporter signal in On DSGC axons (black insets in Figures 32H-I and 32K-L, and white 
insets in Figures 32J and 32M), supporting our previous observation that these plexins are 
not expressed in RGCs (Matsuoka et al., 2011a).  These results suggest a “reverse 
signaling” scenario whereby target-derived PlexA2 and A4 together serve as ligands for 
Sema6A, which is also a transmembrane protein with a cytoplasmic domain, expressed 
on On DSGCs axons which in this context functions as a receptor.   
To test whether PlexA2 or A4 can indeed function as ligands to attract Sema6A+ 
On DSGC neurites, we conducted guidance assays using retinal explants grown in culture 
on alternating “stripes” coated with protein that consists of extracellular plexin domains.  
We first determined that PlexA2 and PlexA4 ectodomains fused to Fc bind to COS7 cells 
that express Sema6A (Figures 35A-D’).  We then cultured retinal explants from the 
ventral region of SPIG1::GFP; Sema6A+/+ retinas taken at e17.5, a developmental time 
point when these Sema6A-expressing ON DSGCs normally establish connections with 
the MTN in vivo (Yonehara et al., 2008), in dishes coated with recombinant PlexA2 or 
PlexA4 ectodomain protein presented in stripes.  We found that GFP+ neurites that either 
do or do not express Sema6A extend from these explants after 2 days in vitro (Figures 
35E-G”), and that these SPIG1::GFP+ neurites do not exhibit any preference when 
growing on alternating AP-Fc/BSA alternating stripes (Figures 35E-E”; quantified in 
Figure 35K).  This shows that AP-Fc ligand does not attract or repel SPIG1::GFP+ 
	   104	  
neurites.  However, when these SPIG1::GFP; Sema6A+/+ explants were grown on plates 
coated with alternating PlexA2Ecto-Fc/BSA, or PlexA4Ecto-Fc/BSA, recombinant protein 
stripes (Figures 35F and 35G, respectively), they preferentially extended GFP+, TujIII+ 
neurites on the PlexEcto stripes (Figures 35F” and 35G”, respectively; quantified in Figure 
35K).  Therefore, the ectodomains of PlexA2 and of PlexA4 are sufficient to robustly 
attract Sema6A+ On DSGC axons in vitro.  We repeated these experiments using ventral 
retina explants derived from SPIG1::GFP; Sema6A-/- mice (Figures 35H-J”).  We found 
that in the absence of Sema6A, axons extending from SPIG1::GFP; Sema6A-/- retinal 
explants were no longer attracted by PlexA2 or PlexA4 ectodomains; GFP+ neurites 
extended freely over PlexA2/A4Ecto+ and control stripes (Figures 35H-J, and 35H”-J”; 
quantified in Figure 35K), indicating that Sema6A is required in SPIG1::GFP+ On DSGC 
axons to mediate attraction by PlexA2 or PlexA4 ectodomains.  These results, in 
combination with our in vivo genetic and expression data relating to retinal requirements 
for PlexA2/A4, our in vitro binding data between Sema6A and PlexA2/A4, and extensive 
work showing that Sema6A and PlexA2/A4 interact physically and genetically 
(Pasterkamp, 2012), strongly suggest that Sema6A functions as a receptor in On DSGCs 
that signals attraction from PlexA2/A4 and thereby guides On DSGCs to their appropriate 
AOS target during visual system development. 
To ask if PlexA2 and PlexA4 direct Sema6A-dependent MTN targeting by On 
DSGCs in vivo, we generated PlexA2-/-; PlexA4-/- double mutant mice.  PlexA2-/-; PlexA4-
/- mice are viable and fertile, and retinal CTB injections reveal that these double mutant 
mice exhibit comprised retinorecipient MTN connectivity, as can be observed in 
wholemount preparations on the ventral brain surface (Figures 36A and 36A’) and in 
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coronal brain sections (Figures 36B and 36B’; n=9 animals, and 8/9 show this phenotype), 
phenocopying Sema6A-/- mutants.  Other PlexA (PlexA1-/-;PlexA3-/- double KO, Figure 
34G) and neuropilin mutants (Six3-Cre; Nrp1F/-, Nrp2-/-, and Six3-Cre; Npn1F/-;Npn2F/-; 
Figures 34H-J) exhibit normal On DSGC-MTN innervation, showing that these 
semaphorin receptors are not required for On DSGC-MTN innervation.  Taken together, 
these results strongly support the idea that Sema6A-PlexA2/A4 “reverse” signaling 
mediates On DSGC-MTN retinorecipient targeting.  
Are PlexA2 and PlexA4 also required for retinorecipient targeting to other brain 
regions?  We characterized PlexA2-/-; PlexA4-/- double mutants using retinal CTB 
injections and observed apparently normal retinorecipient targeting to one additional 
AOS target (the NOT, Figures 36D and 36D’), image-forming targets (the LGN, Figures 
36E and 36E’; the SC, Figures 36F and 36F’), and also non-image-forming 
retinorecipient targets (the SCN, Figures 36G and 36G’; and the OPN, Figures 36H and 
36H’).  Interestingly, PlexA2-/-; PlexA4-/- double mutants show completely abrogated 
DTN innervation  (Figures 36C and 36C’; n=9; 8/9 double mutants exhibit this 
phenotype).  This DTN innervation phenotype is much more severe than that observed in 
Sema6A-/- mutants, suggesting that additional molecules collaborate with Sema6A to 
regulate PlexA2/A4-dependent development of On DSGC-DTN trajectories.  
On DSGC-MTN connectivity is critical for normal vertical optokinetic reflex 
(vOKR) responses, whereas On DSGC-DTN/NOT connections drive the horizontal OKR 
(Masseck and Hoffmann, 2009).  The specific disruption of AOS retinorecipient targeting 
in Sema6A-/- single mutants and also PlexA2-/-;PlexA4-/- double mutants led us ask if the 
vOKR and/or the hOKR are comprised in these mutants.  We first performed OKR 
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analysis (Cahill and Nathans, 2008) in Sema6A-/- mutants, in which RGC projections to 
the DTN are reduced and innervation to the MTN is greatly comprised (Figures 27 and 
28).  Compared to littermate controls, Sema6A-/- mutants display horizontal OKR (hOKR) 
responses (left panel in Figure 37A, quantified in the left panel of Figure 37B; 
11.502±1.74 for Sema6A+/-, and 5.71±2.23 for Sema6A-/-, mean Eye Tracking Movements 
(ETMs)±S.D.; P<0.01), though they are moderately reduced.  This may be a reflection of 
the reduced innervation of the DTN we observe in Sema6A-/- mutants (Figures 27E and 
27E’).  However, vertical OKR (vOKR) responses in Sema6A-/- mutants are completely 
eliminated (right panel in Figure 37A, quantified in the right panel of Figure 37B; 
9.11±1.16 for Sema6A+/-, and 1.06±1.05 for Sema6A-/-, mean ETMs±S.D.; P<10-5).  We 
found that the pupillary light reflex (PLR), which is mediated by RGC projections to the 
OPN, is preserved in Sema6A-/- mutants (Figure 37C: in the dark, 16.81±2.47 mm2 for 
Sema6A+/-, and 14.45±1.75 mm2 for Sema6A-/-, P=0.1368; in the light, 1.77±0.18 mm2 for 
Sema6A+/-, and 1.53±0.67 mm2 for Sema6A-/-, P=0.5761), consistent with our anatomical 
analyses showing that Sema6A-/- RGC-OPN projections are normal (Figure 28).  
Therefore, Sema6A-/- mutants exhibit slightly reduced hOKR but virtually no vOKR, in 
line with the degree to which AOS On DSGC targeting to the DTN and MTN are 
differentially compromised in this mutant. 
PlexA2-/-; PlexA4-/- double mutants phenocopy Sema6A-/- mutants with respect to 
On DSGC-MTN innervation, and they exhibit much more severe On DSGC-DTN 
targeting phenotypes (Figure 36).  To address PlexA2 and A4 involvement in OKR 
responses, we performed behavioral tests in PlexA2+/-;PlexA4+/-, PlexA2-/-, and PlexA2-/-; 
PlexA4-/- animals.  As expected, PlexA2+/-; PlexA4+/- and PlexA2-/- animals exhibit 
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normal vOKRs and hOKRs (Figure 37D, top and middle rows; quantified in Figure 37E).  
These results are commensurate with the normal AOS retinorecipient targeting (Figures 
32, 33 and 34) and post-hoc anatomical analyses of MTN and DTN innervation using 
retinal CTB injections (Figures 38A-D and 38I-L) that we observe in mice of these 
genotypes.  In contrast, PlexA2-/-; PlexA4-/- double mutant mice show almost completely 
abrogated horizontal and vertical OKRs (bottom row in Figure 37D, quantified in Figure 
37E), and in almost all of these same mice we observe loss of projections to the DTN and 
the MTN (Figures 38M-N, and 38E-G).  In our behavioral tests we observed one PlexA2-
/-; PlexA4-/- mouse that still retained a vOKR (mouse #8191, mean vOKR=4.6875 
EMT/30s; black arrow in Figure 37E).  Our subsequent anatomical analysis revealed that 
there were limited projections to the MTN in this animal (Figure 38H), supporting a 
requirement for intact On DSGC-MTN circuitry for this particular AOS function.  Taken 
together, these results show that PlexA2 and PlexA4 act in concert to direct 




In this study we identify a guidance cue signaling pathway that is critical for the 
establishment of neural connectivity between retinal ganglion cells and their central 
targets in the accessory optic system (AOS).  We found that the transmembrane protein 
Sema6A is a robust On DSGC marker and is required for On DSGC-MTN innervation in 
vivo.  PlexA2 and PlexA4, expressed by cells in the MTN, serve as ligands and signal 
through receptor Sema6A to attract and stabilize On DSGC axon connections with the 
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MTN.  This connectivity mediated by PlexA2/A4-Sema6A reverse signaling facilitates 
the vertical compensatory OKR, a critical AOS function.  
The establishment of RGC-central brain target connectivity relies on a series of 
developmental events that include initial retinorecipient targeting and further refinement 
of these connections (Haupt and Huber, 2008).  In Sema6A-/- mutants, SPIG1::GFP+ On 
DSGC axons arrive in the vicinity of their target during mid-embryogenesis, however 
they fail to recognize the MTN target and exhibit a much broader innervation pattern 
compared to controls.  These results show that Sema6A is essential for mediating On 
DSGC target recognition and also that other guidance molecules must instruct On DSGC 
axons along their trajectories to this select midbrain region during early embryogenesis.  
At later developmental stages, we observed a significant decrease of SPIG1::GFP+ On 
DSGC cell number in Sema6A-/- mutants.  Consistent with this finding, we found 
enhanced cell apoptosis of On DSGCs during late embryogenesis in Sema6A-/- mutants.  
Importantly, the On DSGC defects in survival occur subsequent to the initial Sema6A-/- 
retinorecipient targeting deficits, strongly suggesting that On DSGC cell loss is a 
secondary consequence of the On DSGC-MTN innervation phenotype.  
We previously showed that Sema6A is a repellent cue that functions exclusively 
through the PlexA2 receptor to regulate SAC dendritic stratification and arborization 
(Sun et al., 2013).  However, here we find that global deletion of PlexA2, and also select 
loss of PlexA2 in the retina, does not affect DSGC-MTN innervation, showing that 
PlexA2 expressed by SACs is not required for Sema6A-mediated On DSGC-MTN 
innervation.  We observed that PlexA2 and another Sema6A binding partner, PlexA4, 
function together, most likely in redundant fashion, to direct AOS retinorecipient 
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targeting, providing additional evidence that plexin receptors act in concert to regulate 
semaphorin-dependent visual system development (Matsuoka et al., 2011a).   
Transmembrane semaphorins, which were originally identified as ligands, can 
function as receptors and mediate “reverse signaling”.  For example, the Drosophila 
transmembrane semaphorin 1a (Sema-1a) serves as a receptor during olfactory circuit 
assembly (Komiyama et al., 2007; Sweeney et al., 2011), visual system development 
(Cafferty et al., 2006; Yu et al., 2010) and motor axon pathfinding (Jeong et al., 2012).  
In vertebrates, semaphorin 6D (Sema6D) functions as a receptor for PlexA1 and regulates 
myocardinal patterning during cardiac development (Toyofuku et al., 2004).  
Interestingly, Sema6A is expressed by LGN neurons and is required for the elaboration of 
thalamocortical connectivity (Leighton et al., 2001; Little et al., 2009), suggesting that 
vertebrate transmembrane semaphorins also function as receptors during nervous system 
development.  In our present study, we demonstrate that Sema6A is expressed in the On 
DSGCs that innervate the MTN, whereas PlexA2 and A4 are expressed by their target 
cells in the MTN.  In vitro, On DSGC axons preferentially extend along PlexA2- or 
PlexA4-coated surfaces, and this attractive response is dependent upon DSGC Sema6A 
expression.  Our expression analyses, loss-of-function genetic analyses in vivo, and in 
vitro RGC axon guidance assays strongly suggest that PlexA2/A4 expressed by cells of 
the MTN function as attractive cues to facilitate retinorecipient targeting of Sema6A+ On 
DSGCs.  These observations provide strong support for “reverse signaling” by 
transmembrane semaphorins in the vertebrate nervous system, with plexins serving as 
attractive ligands.  Our study of PlexA2/A4-Sema6A reverse signaling during AOS 
circuit assembly also provides a system to fully investigate the underlying signaling 
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mechanisms utilized by transmembrane semaphorins to regulate neuronal morphology 
and, potentially, synapse assembly. 
We find that Sema6A is expressed by On DSGCs, but not by TRHR-GFP+, 
DRD4-GFP+, or CART+ On-Off DSGCs.  This restricted Sema6A expression is 
consistent with our observation that Sema6A is not required for retinorecipient targeting 
by subsets of On-Off DSGCs, and that Sema6A is also not required for the survival of 
most On-Off DSGC cells.  Thus, functionally related retinal ganglion cells, in this case 
On DSGCs and On-Off DSGCs, have unique protein expression profiles allowing them 
to employ distinct molecular mechanisms to achieve correct retinorecipient targeting.  
This is underscored by our observations here of various RGC populations in Sema6A-/- 
mutant background, revealing that the retinorecipient targeting to many, if not all, main 
optic system brain targets remains unchanged in Sema6A-/- mutants.  These results show 
that AOS utilizes a select cohort of molecules to direct retinorecipient innervation, 
perhaps reflecting the distinct origins and unique circuitries that define the AOS. 
 In addition to MTN targeting defects, we find that PlexA2-/-; PlexA4-/- double 
mutants exhibit highly penetrant RGC-DTN targeting phenotypes.  Furthermore, 
horizontal OKR, the visual behavior mediated by On DSGC-DTN/NOT innervation, is 
almost completely compromised in these double mutants.  These hOKR deficits are in 
contrast to Sema6A-/- mutants, in which the RGC-DTN innervation and horizontal OKRs 
are much less affected.  Therefore, other guidance cues must function along with 
Sema6A to mediate PlexA2/A4-dependent RGC-DTN targeting.  
 Our observations showing that PlexA2/A4-Sema6A signaling controls critical 
aspects of AOS development and function provide insight into the molecular mechanisms 
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governing AOS circuit assembly between the retina and midbrain nuclei.  Further, they 
provide a foundation for describing unique AOS RGC subtypes.  It will of great interest 
to ask whether similar molecular machinery facilitates retinorecipient targeting by other 
RGC classes, and whether non-visual system neuronal cell types in the CNS also employ 
similar axon and dendrite targeting mechanisms.  Finally, these observations suggest 
approaches directed toward uncovering the mechanisms that underlie the establishment of 
distinct AOS circuitry related to hOKR responses, the general control of oculomotor 
responses critical for compensatory eye movement, and the interconnections between the 
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Experimental Procedures 
Animals.  The day of vaginal plug observation was designated embryonic day 0.5 (e0.5), 
and the day of birth in this study was designated postnatal day 0 (P0).  Semaphorin 6A-/- 
(Sema6A-/-), plexin A1-/- (PlexA1-/-), plexin A2-/- (PlexA2-/-), plexin A3-/- (PlexA3-/-), plexin 
A4-/- (PlexA4-/-), plexin A2 f (PlexA2f), neuropilin1f (Nrp1f), neuropilin 2-/- (Nrp2-/-), and 
Six3-Cre mouse lines were described previously (Sun et al., 2013).  The GFP knock-in 
line SPIG1::GFP and GFP BAC transgenic lines (Hoxd10-GFP, TRHR-GFP, DRD4-
GFP, CB2-GFP, and Cdh3-GFP) were described previously (Dhande et al., 2013; 
Huberman et al., 2008b; Huberman et al., 2009; Kay et al., 2011; Osterhout et al., 2011; 
Rivlin-Etzion et al., 2011; Yonehara et al., 2009; Yonehara et al., 2008).  
 
Immunohistochemistry.  Primary antibodies used in this study include: goat-anti-mouse 
Sema6A (R&D systems, 1:200), rabbit anti-GFP (Lifescience Technologies, 1:1000), 
rabbit anti-GFP (Lifescience Technologies, 1:1000), chicken anti-GFP (AVES, 1:1000), 
rabbit anti-CART (Phoenix Pharmaceuticals Inc., 1:1000), goat anti-ChAT (Millipore, 
1:200), TO-PRO3 (Lifescience Technologies, 1:500), rabbit anti-cleaved Caspase 3(Asp 
175) (5A1E) (Cell Signaling Technology, 1:200), rabbit anti-Brn3b (gift from Dr. Jeremy 
Nathans, 1:200), rabbit anti-plexinA2 (gift from Dr. Fumikazu Suto, 1:200), Armenian 
hamster anti-plexinA4 (gift from Dr. Fumikazu Suto, 1:200).  
 
Wholemount Retina Staining.  Wholemount retina ICC was performed as previously 
described (Sun et al., 2013).  Briefly, enucleated eyeballs were fixed in 4% 
paraformaldehyde (PFA) for 1 hour at 4°C.  The eyecups were dissected out and 
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incubated for 4-5 days at room temperature with primary antibodies in PBS containing 
5% donkey serum, 0.1% Triton X-100 and 20% dimethyl sulphoxide (DMSO).  Retinas 
were washed with PBS+0.1% Triton X-100 5 times for 1 hour at room temperature and 
then incubated with secondary antibodies in PBS+ 0.1% Triton X-100+ 2% donkey 
serum overnight at 4°C.  Retinas were washed in PBS+0.1% Triton X-100 5 times for 1 
hour at room temperature and then flat mounted.  Confocal images were taken using a 
Zeiss LSM 700 confocal microscope.  
 
Cholera Toxin Subunit B (CTB) Injection.  Bilateral CTB injection was performed as 
previously described (Riccomagno et al., 2014).  Briefly, the adult animals were 
anesthetized using isophorone and then injected with 2 µL CTB-Alexa-555 or CTB-
Alexa-488 (Life Technologies, 1mg/mL) bilaterally into the vitreous of each eye.  For 
neonatal pups, the animals were placed on ice for anesthesia and then injected with 1 µL 
CTB-Alexa solutions bilaterally.  One to two days after the procedure, the animals were 
perfused with 4% PFA; the brains were then dissected out and further sectioned using 
Leica VT1000 S Fully Automatic Vibrating Blade Microtome. 
 
Alkaline Phosphatase (AP) Staining.  AP staining was performed as previously 
described (Sun et al., 2013) with minor modifications.  Animals were perfused with 4% 
PFA and brains were dissected out and post-fixed in 4% PFA for 2 hours in 4°C.  The 
brains were rinsed 3 times for 10 minutes with PBS and then sectioned (250 µm) using a 
Leica VT1000 S Fully Automatic Vibrating Blade Microtome.  The brain slices were 
rinsed twice in HBSS at room temperature and then incubated in a 65°C water bath for 2 
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hours to inactivate endogenous alkaline phosphatases.  After heat inactivation, the brain 
slices were rinsed 3 times for 10 min at room temperature with B1 buffer containing 0.1 
M Tris (pH7.5) and 0.15 M NaCl.  The tissues were then rinsed 3 times for 10 min with 
B3 buffer containing 0.1 M Tris (pH9.5) and 0.1 M NaCl, 50 mM MgCl2 and 5 mM 
levamisole.  AP activity was then visualized by incubation with 37.5 g/mL NBT (Roche), 
175 g/mL BCIP (Roche) in B3 buffer at room temperature until the AP-generated 
precipitate appeared.  
 
X-gal Staining.  X-gal staining was performed as previously described (Matsuoka et al., 
2011a).  Brain slices (250 µm) were sectioned with a vibrotome and rinsed twice in PBS 
before the staining.  Brain slices were then stained with 5mM potassium ferricyanide, 
5mM potassium ferrocyanide, 2mM MgCl2 and 1 mg/ml X-gal for 1–2 h at room 
temperature.  Tissue sections were rinsed in PBS and bright-field images were taken.  
 
Tissue Clearance Using Benzyl Alcohol and Benzyl Benzoate (BABB).  Whole brain 
tissue (between P1 and P7) or brain slices (after AP staning or X-gal staining) were 
dehydrated using methanol-H2O solution.  Briefly, the whole brain or brain slices were 
dehydrated sequentially in 25%, 50%, 75%, 95%, and 100% methanol at room 
temperature (1 hour per dilution for whole brain tissue, 20 minutes per dilution for brain 
slices).  The tissues were rinsed in 50% methanol / 50% BABB solution (BABB: 1 part 
Benzyl Alcohol and 2 parts of benzyl Benzoate) for 1 hour at room temperature and then 
transferred into 100% BABB solution until they were clear (10-20 minutes for the brain 
slices, 1-2 days for the whole brain).  
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Fluorescent Ligand Binding Assay.  COS7 cells were plated on coverslips in 24-well 
plates (5X104 cells/well), transfected with mouse Sema6A expression plasmid for 48 
hours and then rinsed briefly under room temperature with HBH buffer containing 
0.5mg/mL BSA, 20mM HEPES (pH7.0), 5mM CaCl2, 1mM MgCl2, and 1X HBSS 
buffer (Life Technologies).  Ligands (AP-Fc, PlexA2Ecto-Fc, and PlexA4Ecto-Fc; 10nM) 
were pre-clustered in HBH buffer with goat anti-Human Fc antibody (Cy3 conjugated) 
(Sigma C2571; 2µg/ml) for 1 hour at 4 degree, and then were added to COS7 cells that 
had been rinsed with HBH buffer.  The cells were incubated with ligands for 1 and ¼ 
hours at room temperature with gentle shaking before being rinsed 6 times for 10 minutes 
with HBH buffer.  The COS7 cells were then fixed 30 seconds with 
acetone/formaldehyde fixative (60% acetone, 1.1% formaldehyde, 20mM HEPES 
(pH7.0)). COS7 cells were further rinsed 3 times for 10 minutes before imaging with a 
Zeiss 700 confocal microscope.   
 
Stripe Assay.  The axon guidance stripe assay was performed as previously described 
(Sun et al., 2013).  Briefly, ligands (AP-Fc, PlexA2Ecto-Fc, and PlexA4Ecto-Fc; 50 µg/ml) 
were pre-clustered with goat anti-Human IgG (Fc specific) (Sigma; 2µg/mL) in 1X HBSS 
buffer (Life Technologies) for 1 hour at 4 degree.  Retinas obtained from e17.5 mouse 
embryos were dissected in cold L-15 medium (Gibco).  The ventral region of 
SPIG1::GFP+ retinas was carefully dissected out under a Zeiss fluorescent dissection 
scope and further cut into small explants.  The explants were then transferred onto 60 mm 
cell culture plates (Falcon) coated with 100 µg/mL poly-D-lysine (Sigma), 5 µg/mL 
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laminin (Life Technologies), and alternating stripes (~80 µm in width) of 50 µg/mL 
ligands mixed with Alexa-555-conjugated BSA (10 µg/mL) to allow for detection by 
fluorescence illumination.  The explants were allowed to grow on the plates with stripes 
for 2 days in neurobasal culture medium containing 50 units/mL penicillin, 50 units/mL 
streptomycin, B-27 supplement, 2 mM L-Glutamine, 10 ng/mL ciliary neurotrophic 
factor (CNTF, R&D Systems), 50 ng/mL brain-derived neurotrophic factor (BDNF, 
Peprotech), 5mM forskolin, and 5 µg/mL insulin.  The explants were fixed in 4% PFA for 
10 minutes and immunostained with antibodies directed against GFP (chick anti-GFP 
from Aves Lab Incorporation, 1:1000) and βIII tubulin (mouse anti- βIII tubulin from 
Promega, 1:1000).  GFP+ neurite lengths were measured and quantified using ImageJ 
plugins.  
 
Optokinetic Reflex (OKR) Measurement.  The OKR apparatus and recording 
methodology are as previously described (Cahill and Nathans, 2008).  In brief, a head-
posted mouse was immobilized in an acrylic holder in the center of a 29.5 cm diameter 
vertical white cylinder.  A computer-generated image of alternating black and white 
vertical stripes (each stripe subtending 4 degrees of visual angle) was projected into the 
inner walls of the drum by a rotating projector mounted on the ceiling.  The striped 
pattern had an average brightness of 100-200 lux and was rotated at 5°/sec.  30-second 
stimulus presentations were alternated with 30 seconds of a uniform grey.  Eye 
movements were captured with an infrared video imaging system (ISCAN, Cambridge, 
MA), and stored, processed and displayed using Microsoft Excel.  The number of eye 
tracking movements (ETMs; defined as a saccade followed by a slow tracking movement 
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in the opposite direction) was counted per 30-second interval.  Eye movements along the 
vertical axis (with respect to the mouse) were recorded by rotating the acrylic mouse 
holder 90 degrees so that the nose of the mouse pointed vertically.  With the stripes 
moving dorsal-to-ventral or ventral-to-dorsal with respect to the mouse, the same rotating 
visual stimulus was presented only to the eye from which the infrared video recording 
was obtained. The OKR testing and data analyses were performed without knowledge of 
mouse genotypes. 
 
Statistical Analysis.  Statistical significance of differences between mean values of two 
groups was determined using Student’s t test (unpaired with equal variance).  The 
criterion for statistical significance was set at P<0.05.   
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Figure 25.  Sema6A is Expressed in On DSGCs but not TRHR-GFP+ or DRD4-GFP+ 
On-Off DSGCs 
(A-B”) Double immunostaining of SPIG1::GFP+ (A-A”) and Hoxd10-GFP+ (B-B”) 
RGCs by antibodies directed against GFP (green in A and B) and mouse Sema6A (red in 
A’ and B’), showing that both SPIG1::GFP+ and Hoxd10-GFP+ cells express Sema6A 
(merged in A” and B”, respectively).  (C-C”) Postnatal day 2 (P2) coronal brain sections 
showing that the axons innervating the medial terminal nucleus (MTN), labeled here by 
retinal injection of CTB-555 (C), are Sema6A immuno-positive (C’ and C”).  (D-D”’) 
Colorimetric alkaline phosphatase (AP) enzymatic activity assay in adult Sema6A 
heterozygous mice (this line harbors a Sema6A AP “trap” allele and so expresses AP in 
Sema6A+ tissues (Leighton et al., 2001)) reveals in coronal brain sections that retinal 
axons innervating the MTN (D, labeled by CTB-555 injection) express AP (D’ and D”), 
providing additional evidence that Sema6A is expressed by On DSGCs that target to the 
MTN (n=7 animals).  (D’) is the enlarged view of the white inset in (D”’).  (E-F”) 
Double immunostaining of DRD4-GFP+ (E-E’) and TRHR-GFP+ (F-F’) On-Off DSGCs 
with antibodies directed against GFP (E and F) and mouse Sema6A (E’ and F’), showing 
that Sema6A is not expressed by DRD4-GFP+ or TRHR-GFP+ cells (E” and F”).  (G-H”) 
RGC axon targeting to the dorsal lateral geniculate nucleus (dLGN, G) and the superior 
colliculus (SC, H) observed in coronal brain sections following labeling by retinal 
injection of CTB-555 and subsequent AP enzymatic reactions (G’ and H’), showing that 
RGC axons innervating the dLGN “shell” region and the superficial region of SC are AP- 
(G” and H”).  (I) Quantification of the ratio of Sema6A and GFP double immuno-
positive cells to total GFP+ cells in SPIG1::GFP, Hoxd10-GFP, DRD4-GFP, and TRHR-
	   120	  
GFP retinas throughout early-postnatal retinal development (n≥5 sample areas from 2-4 
retinas of each genotype).  For SPIG1::GFP retinas: 68 GFP+ and Sema6A+ cells/ 68 
total cells at P1 (100%); 39/39 at P3 (100%); and 69/69 at P10 (100%).  For Hoxd10-
GFP retinas: 49/54 at P1 (90.74%); 96/127 at P3 (75.59%); and 123/137 at P10 (89.78%).  
For DRD4-GFP retinas: 9/215 at P1 (4.19%); 3/87 at P3 (3.45%); and 2/216 at P10 
(0.93%).  For TRHR-GFP retinas: 74/325 at P1 (22.77%); 7/213 at P3 (3.29%)l and 3/159 
at P10 (1.89%).  Error bars represent SEM.  Scale bars: 10 µm in (A) for (A)-(B”) and 
(F)-(G”); 100 µm in (C) for (C)-(C”); 200 µm in (D) for (D)-(D”); 200 µm in (D”’); 200 
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Figure 26.  Characterization of Sema6A Expression in On and On-Off DSGCs 
During Retinal Development 
(A-D”) Wholemount immunolabeling of Sema6A in the ventral region of the P1 
SPIG1::GFP retina (A), showing that all SPIG1::GFP+ cells (B, C and D) express 
Sema6A (B’, B”, C’, C”, D’, and D”).  (E-H”) Wholemount immunostaining for 
Sema6A in the ventral region of the P10 SPIG1::GFP retina (E), showing that all 
SPIG1::GFP+ cells (F, G and H) continue to  express Sema6A (F’, F”, G’, G”, H’, and 
H”; also see quantification in Figure 1I).  (I-M) Wholemount immunolabeling of 
Sema6A in P1 DRD4-GFP (I-L”) and P10 TRHR-GFP retinas (N-P”).  DRD4-GFP+ 
cells (J, K and L) and TRHR-GFP+ cells (N, O and P) do not express Sema6A (J’-L” and 
N’-P”; also see quantification in Figure 1I).  (Q-Q’’) Double immunostaining for CART 
(red in Q) and Sema6A (green in Q’) in P10 flatmounted mouse retinas, showing that 
Sema6A is not expressed in CART immuno-positive cells (Q”).  Scale bars: 50 µm in (A) 
for (A), (E), (I), and (M); 10 µm in (B) for (B)-(D”), (F)-(H”), (J)-(L”), and (N)-(P”); and 
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Figure 27.  Sema6A is Required for the Development of Accessory Optic System 
Trajectories 
(A and B) Wholemount ventral view (A) and cross-sectional view (B, higher 
magnification to reveal the MTN) of adult wild-type mouse brains with bilateral CTB-
488 and CTB-555 retina injections.  Wild-type mice exhibit robust RGC-MTN 
innervation (white arrows in A and B) (n=4 wild-type mice).  (A’ and B’) RGC-MTN 
innervation in Sema6A-/- mutants is greatly diminished, as observed in a ventral 
wholemount view (A’) and a cross sectional view (B’) (n=10 Sema6A-/- mutants, with 
phenotypes observed with full penetrance and expressivity).  (C-D’) The On DSGC-
MTN axon trajectory is illuminated by the SPIG1::GFP reporter in Sema6A+/- (C and D) 
and Sema6A-/- brains (C’ and D’).  RGC-MTN innervation is prominent in P2 control 
animals (yellow arrows in C and D), whereas it is mostly abolished in Sema6A-/- mutants 
(C’ and D’) (n=3 animals for both genotypes).  (E-F’) Additional AOS trajectories are 
revealed by the Hoxd10-GFP reporter in Sema6A+/- (E and F) and Sema6A-/- mice (E’ and 
F’).  Compared to control (white arrow in E), dorsal terminal nucleus (DTN) innervation 
is reduced in Sema6A-/- mutants (red arrowhead in E’).  Innervation of the nucleus of 
optic tract (NOT) is apparently preserved in Sema6A-/- mutants (compare F and F’) (n≥4 
animals for both genotypes).  (G-H’) TRHR-GFP+ On-Off DSGC axons project to the 
shell of dLGN (G) and the superficial layer of SC (H) in control animals.  Sema6A-/- 
mutants (G’ and H’) exhibit similar innervation patterns compared to controls (G and H) 
(n=3 animals for both genotypes).  Scale bars: 1mm in (A) for (A), (A’), (C) and (C’); 
200 µm in (B) for (B), (B’), (D) and (D’); 200 µm in (F’) for (E)-(F’); 200 µm in (H’) for 
(G), (G’), (H) and (H’). 
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Figure 28.  Characterization of RGC Retinorecipient Innervation in Sema6A-/- 
Mutants 
(A-B’) Genetic labeling of On DSGC-MTN innervation in adult Sema6A+/- (A and B) and 
Sema6A-/- (A’ and B’) brains.  Sema6A+/- control mice exhibit normal axonal projections 
to the MTN (A and B), whereas Sema6A-/- mutants show greatly diminished innervation 
(A’ and B’), similar to the defects revealed by retinal CTB injections (Figure 27B’).  (B) 
and (B’) are high magnification photomicrographs of the white boxes in (A) and (B), 
respectively (n=6 Hoxd10-GFP; Sema6A+/- mice; n=4 Hoxd10-GFP; Sema6A-/- mice).  
(C-H’) Characterization of retinorecipient targeting in adult wild-type and Sema6A-/- 
mutants using retinal CTB injections.  Overall RGC innervation of the image forming 
(dLGN in C and C’, and SC in D and D’) and non-image forming (SCN in E and E’, and 
OPN in F and F’) targets of the main optic visual system are preserved in Sema6A-/- 
mutants.  However, Sema6A-/- mutants exhibit reduced innervation of the DTN (red 
arrowhead in G’) but apparently normal innervation of the NOT (white arrow in H’) in 
comparison to controls (white arrows in G and H) (n=4 wild-type, and n=10 Sema6A-/- 
mutants).  (I-M’) Characterization of retinorecipient targeting of the dLGN (I-J’), IGL 
and vLGN (K and K’), OPN (L and L’), and SC (M and M’) using a variety of transgenic 
markers in Sema6A+/- (I-M) and Sema6A-/- (I’-M’) mice.  Overall retinorecipient 
innervation of multiple retinorecipient  targets (dLGN, IGL and vLGN, OPN, and SC) by 
the indicated genetically labeled RGCs is preserved in Sema6A-/- mutants (n≥3 animals 
for each genotype characterized).  Scale bars: 1mm in (A) for (A) and (A’); 100 µm in 
(B) for (B) and (B’); 250 µm in (C) for (C) and (C’); 250 µm in (D) for (D) and (D’); 250 
µm in (E) for (E)-(H’); 250 µm in (L) for (I)-(L’); and 250 µm in (M) for (M) and (M’). 
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Figure 29.  Developmental Characterization of On DSGC-MTN Innervation in 
Sema6A-/- Mutants 
(A-D’) On DSGC-MTN innervation revealed by SPIG1::GFP in Sema6A+/- (A-D) and 
Sema6A-/- animals (A’-D’) throughout embryonic development.  In control animals, 
SPIG1::GFP+ RGC axons arrive at the ventral MTN region as early as e14.5 (A), and the 
progression of MNT innervation is observed from e16.5 (B) to e18.5 (C).  In Sema6A-/- 
mutants, On DSGC axons arrive at the target at e14.5 (A’) and appear normal.  However, 
by e16.5 these axons become defasciculated (red arrows in B’), and exhibit a much 
broader innervation pattern in the region of the MTN compared to the control.  These 
axons then begin to disappear throughout late embryonic development (C’ and D’; 
quantification of innervation defects in Figure 30C; n≥3 animals for each developmental 
stage and for both genotypes analyzed).  (E) Quantification of the normalized, integrated, 
GFP fluorescence to determine fiber density in controls and Sema6A-/- mutants.  (F-I’) 
Characterization of SPIG1::GFP+ On DSGCs in the ventral region of Sema6A+/- (F-I) 
and Sema6A-/- (F’-I’) retinas.  No difference was observed between control and Sema6A-/- 
mutants at e16.5 or at e18.5 (compare G and G’, H and H’, and quantification in J).  
However, Sema6A-/- mutants (I’) exhibit dramatically reduced numbers of GFP+ cells at 
P1 as compared to control (I) (n≥3 animals for each developmental stage and for both 
genotypes analyzed).  (J) Quantification of SPIG1::GFP+ cells in the ventral retina of 
Sema6A+/- and Sema6A-/- mice.  (K and K’) Representative images of a tile-scanned, flat-
mounted, Hoxd10-GFP; Sema6A+/- retina (K) and a Hoxd10-GFP; Sema6A-/- retina (K’), 
showing that Hoxd10-GFP; Sema6A-/- retinas harbor fewer GFP+ RGCs (quantification in 
Figure 30D).  (L-M’) Immuno-labeling of TRHR-GFP+ On-Off DSGCs (L and L’) and 
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CART+ On-Off DSGCs (labeling a majority of On-Off DSGCs, M and M’) in Sema6A+/- 
(L and M) and Sema6A-/- (L’ and M’) retinas.  (N) Quantification of TRHR-GFP+, 
DRD4-GFP+, and CART+ On-Off DSGCs in control and Sema6A-/- retinas at P10 (n=6 
DRD4-GFP; Sema6A+/- retinas; n=6 DRD4-GFP; Sema6A-/- retinas; n=4 TRHR-GFP; 
Sema6A+/- retinas; and n=4 TRHR-GFP; Sema6A-/- retinas).  Error bars represent SEM.  
Scale bars: 200 µm in (A’) for (A) and (A’); 200 µm in (B’) for (B) and (B’); 200 µm in 
(C’) for (C) and (C’); 200 µm in (D’) for (D) and (D’); 100 µm in (F’) for (F) and (F’); 
100 µm in (G’) for (G) and (G’); 100 µm in (H’) for (H) and (H’); 100 µm in (I’) for (I) 
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Figure 30.  Developmental Characterization of On DSGCs in the Sema6A-/- Retina 
and On DSGC-MTN Innervation in Sema6A-/- Mutants 
(A-B’) Characterization of the MTN target region (revealed by TORPO3 staining in A 
and A’) and analyses of SPIG1::GFP+ fiber projections (B and B’) at e16.5 in controls 
(A and B) and Sema6A-/- mutants (A’ and B’).  (C) Quantification of SPIG1::GFP+ fiber 
innervation area in controls and Sema6A-/- mutants (n≥3 animals for each time point and 
for both genotypes analyzed). *P<0.001.  (D) Quantification of Hoxd10-GFP+ cells in 
control and Sema6A-/- retinas (n=8 Hoxd10-GFP; Sema6A+/- retinas, and n=6 Hoxd10-
GFP; Sema6A-/- retinas).  *P<0.0001.  (E and E’) Representative en face images of On 
SACs in 4 week-old Sema6A+/- (E) and Sema6A-/- (E’) retinas.  (F) Quantification of On 
SAC density in Sema6A+/- and Sema6A-/- retinas (n=5 control and Sema6A-/- retinas).  
P=0.07184.  (G-L’) Tile-scanned images of flat-mounted SPIG1::GFP; Sema6A+/- (G-L) 
and SPIG1::GFP; Sema6A-/- retinas (G’-L’) from e14.5 to P10.  No difference is 
observed between controls and Sema6A-/- mutants at e14.5 (G and G’), e16.5 (H and H’), 
and e18.5 (I and I’) (see the quantification in Figure 29J).  However, the number of 
SPIG1::GFP+ cells in the ventral region of Sema6A-/- retinas exhibits a significant 
decrease at P1 (compare J and J’), and this defect persists throughout postnatal retinal 
development (compare K and K’, L and L’).  The white boxes in (L) and (L’) represent 
regions where quantification was conducted in Figure 29J.  Error bars represent SEM.  
Scale bars: 200 µm in (B’) for (A) to (B’); 100 µm in (E’) for (E) and (E’); 1 mm in (G’) 
for (G) and (G’); 1 mm in (H’) for (H) and (H’); 1 mm in (I’) for (I) and (I’); 1 mm in (J’) 
for (J) and (J’); 1 mm in (K’) for (K) and (K’); and 1 mm in (L’) for (L) and (L’). 
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Figure 31.  Sema6A-/- Mutants Exhibit the Normal Number of On-Off DSGC but 
Enhanced Cell Apoptosis in On DSGCs  
(A and A’) Representative, tile-scanned, images of a P10 DRD4-GFP; Sema6A+/- retina 
(A) and a P10 DRD4-GFP; Sema6A-/- retina (A’) immunostained with an antibody 
directed against GFP.  No difference was found between control and Sema6A-/- retinas 
with respect DRD4-GFP+ cell number (see quantification in Figure 29N).  (B-C’) Double 
immunostaining of P10 DRD4-GFP; Sema6A+/- (B and C) and DRD4-GFP; Sema6A-/- 
retinas (B’ and C’) with antibodies against GFP (green in B and B’) and CART (red in C 
and C’).  No difference was observed between controls and Sema6A-/- mutants with 
respect to DRD4-GFP+ or CART+ cell number (see quantification in Figure 29N).  (D 
and D’) Representative images of flatmounted Sema6A+/- and Sema6A-/- P3 retinas 
immunostained with anti-Brn3b.  (E) Quantification of Brn3b+ RGCs in P3 Sema6A+/- 
and Sema6A-/- retinas (n=4 retinas for both genotypes).  P=0.8550.  (F-H’) Double 
immunolabeling of e18.5 SPIG1::GFP; Sema6A+/- (F-H) and SPIG1::GFP; Sema6A-/- 
retinas (F’-H’) with antibodies against cleaved Caspase-3 (a marker for cells undergoing 
cell apoptosis, F and F’) and GFP (merged in G and G’).  (H) and (H’) are high-
magnification images of the white box regions in (G) and (G’), respectively.  (I) Left 
panel shows quantification for total cleaved Caspase-3+ cell number per retina in control 
and Sema6A-/- mutants; right panel shows the quantification of cleaved Caspase-3+ and 
SPIG1::GFP+ double immuno-positive cells in the ventral region of Sema6A+/- and 
Sema6A-/- retinas (n=3 retinas for control and Sema6A-/- mutants at e16.5; n=4 retinas for 
control at e18.5; and n=6 retinas for Sema6A-/- mutants at e18.5).  *P=0.03398.  Error 
bars represent SEM.  Scale bars: 1 mm in (A’) for (A) and (A’); 100 µm in (C’) for (B)-
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(C’); 100 µm in (D’) for (D) and (D’); 1 mm in (G’) for (F)-(G’); and 100 µm in (H’) for 
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Figure 32.  PlexA2-/- Mutants Exhibit Normal On DSGC-MTN Innervation, and 
PlexA2 and A4 are Expressed in the MTN  
(A-B’) Characterization of RGC-MTN innervation in PlexA2+/- (A and B) and PlexA2-/- 
(A’ and B’) animals by retinal CTB injection (A and A’) and by genetic labeling (B and 
B’).  No obvious defects are observed in PlexA2-/- mutants (n=6 PlexA2+/- mice, n=8 
PlexA2-/- mice; n=3 SPIG1::GFP; PlexA2+/- and 3 SPIG1::GFP; PlexA2-/- mice).  (C and 
C’) Removal of PlexA2 genetically in a PlexA4-/- mutant background (C’) results in 
similar MTN innervation as in the control (C), showing that retina-derived PlexA2 is not 
required for normal development of On DSGC-MTN projections (n=4 animals for both 
genotypes).  (D-G) Expression of PlexA2 in the MTN using retinal CTB injections and 
the PlexA2 LacZ reporter encoded in the PlexA2 conditional allele (Sun et al., 2013), 
revealing that PlexA2LacZ+ cells are abundant in the ventral region of the MTN at P3 and 
in the adult (black arrowheads in D and F, respectively; n=3 animals at each 
developmental stage).  (H-M) Immunostaining of PlexA2 (H) and PlexA4 proteins (K) in 
the MTN at e18.5 along with SPIG1::GFP+ axon fibers to delineate the ventral MTN 
region (I and L).  PlexA2 and PlexA4 proteins (H and K, respectively) are expressed in 
the MTN region, and PlexA2+ and PlexA4+ cells (red boxes in H and K, respectively) are 
in very close proximity to SPIG1::GFP+ fibers (red boxes in I and L, and white boxes in 
J and M).  Scale bars: 250 µm in (A’) for (A) and (A’); 250 µm in (B’) for (B) and (B’); 
250 µm in (C) for (C) and (C’); 250 µm in (G) for (D)-(G); 100 µm in (M) for (H)-(M); 
and 10 µm in the inset of (M) for insets (H)-(M). 
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Figure 33.  PlexA2-/- Mutants Show Normal Retinorecipient Innervation of Main 
and Accessory Optic System Central Targets 
(A-E’) Characterization of retinorecipient RGC axon targeting in WT (A-E) and PlexA2-/- 
mutants (A’-E’) following retinal CTB injections.  Compared to WT animals, PlexA2-/- 
mice exhibit normal targeting to the LGN (A’), OPN (B’), SC and MTN (C’), DTN (D’), 
and NOT (E’) (n=4 WT; n=8 PlexA2-/- mutants).  (F-J’) Detailed characterization of 
genetically labeled RGC axon projections to the dLGN (F and F’), SC (G and G’), IGL 
and vLGN (H and H’), OPN (I and I’), and DTN (J and J’) in PlexA2+/- (F-J) and PlexA2-
/- (F’-J’) mice.  PlexA2-/- mutants exhibit normal retinorecipient targeting for all GC 
subtypes examined (n≥3 animals for each genotype characterized).  (K and K’) LacZ 
staining in sections of P3 Sox2Cre midbrain, a control showing that the MTN region is 
LacZ- (n=2 animals).  Scale bars: 250 µm. 
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Figure 34.  Analyses of Accessary Optic System Development in Multiple PlexA and 
Nrp Mutants, and Characterization of PlexA2 and PlexA4 Ectodomain 
Recombinant Proteins  
(A-D’) Characterization of AOS retinorecipient targeting in WT (A-D) and PlexA4-/- 
mutants (A’-D’).  On DSGC-MTN innervation appears normal in PlexA4-/- mutants 
(compare A and A’, B and B’; and see also (Matsuoka et al., 2011b), Supplementary 
Figure 6).  RGC axonal projections to the NOT (compare C and C’) and DTN (compare 
D and D’) are also preserved in PlexA4-/- mutants (n=4 WT; n=5 PlexA4-/- mutants).  (E-
F’) Characterization of AOS retinorecipient targeting in Six3-Cre; PlexA2F/+; PlexA4-/- (E 
and F) and Six3-Cre; PlexA2F/-; PlexA4-/- mice (E’ and F’).  Note that the AOS targeting 
to the NOT and to the DTN is preserved in Six3-Cre; PlexA2F/-; PlexA4-/- mice as 
compared to the control (n=4 animals for both genotypes).  (G-J) RGC-MTN projections 
appear normal in PlexA1-/-; PlexA3-/- (G), Six3Cre; Nrp1F/- (H), Nrp2-/- (I), and Six3Cre; 
Nrp1F/-; Nrp2F/- mutant mice (J) (n=3 animals for each genotype).  (K) Biochemical 
characterization of PlexA2Ecto and PlexA4Ecto recombinant proteins from the concentrated 
supernatants obtained from transfected 293T cells that secrete these recombinant proteins 
(see Experimental Procedures for details).  PlexA2Ecto and PlexA4Ecto recombinant 
proteins are Myc-tagged and are detected in this Western blot using a monoclonal 
antibody raised against the Myc epitope.  Scale bars: 1 mm in (A’) for (A) and (A’); 250 
µm in (B’) for (B) and (B’); 250 µm in (C’) for (C) and (C’); 250 µm in (D’) for (D) and 
(D’); 250 µm in (E’) for (E) and (E’); 250 µm in (F’) for (F) and (F’); and 250 µm in (J) 
for (G)-(J).  
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Figure 35. PlexA2 and A4 Function as Attractive Cues for SPIG1::GFP+ On DSGC 
Neurites in vitro 
(A-D’) Fluorescent ligand binding assay showing that PlexA2 and PlexA4 ectodomain  
recombinant proteins only bind to COS7 cells that express mouse Sema6A in vitro (C’ 
and D’).  (E-G”)  The ventral region of SPIG1::GFP retinas was dissected out and 
cultured on plates coated with recombinant proteins presented as “stripes”(Sun et al., 
2013).  After two days in vitro, SPIG1::GFP+ neurites that extended from explants show 
no preferences for AP-Fc stripes (E-E”).  In contrast, SPIG1::GFP+ neurites preferentially 
grew on PlexA2Ecto-Fc and PlexA4Ecto-Fc recombinant protein stripes (F-F”, G-G”, 
respectively) (n=12 explants on AP-Fc stripes, n=17 explants on PlexA2ecto-Fc stripes, 
and n=21 explants on PlexA4ecto-Fc stripes; the explants were from 9 embryos).  (H-J”)  
SPIG1::GFP+ neurites extending from SPIG1::GFP; Sema6A-/- ventral retina explants 
exhibit no preference for AP-Fc (H-H”), PlexA2Ecto-Fc (I-I”), or PlexA4Ecto-Fc stripes (J-
J”) (n=21 explants on AP-Fc stripes, n=24 explants on PlexA2Ecto-Fc stripes, and n=35 
explants on PlexA4Ecto-Fc stripes; explants were from 9 embryos).  (K) Quantification of 
GFP+ neurite length on stripes over the total GFP+ neurite length in the stripe assay.  Red 
bars represent the mean for each group.  *P<10-6.  Scale bars: 100 µm in (D’) for (A)-
(D’); and 100 µm in (J”) for (E)-(J”).  
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Figure 36.  PlexA2-/-;PlexA4-/- Double Mutants Phenocopy Sema6A-/- Single Mutants 
with Respect to On DSGC-MTN Innervation 
(A and A’) Ventral wholemount view of PlexA2+/-;PlexA4+/- (A) and PlexA2-/-;PlexA4-/- 
(A’) adult brains following bilateral retina injections with CTB-488 and CTB-555.  
Prominent projections to the MTN were observed in PlexA2+/-;PlexA4+/- animals (white 
arrows in A), whereas MTN innervation is greatly diminished in PlexA2-/-;PlexA4-/- 
mutants (A’), phenocopying Sema6A-/- mutants (n=9 PlexA2+/-; PlexA4+/- mice; n=9 
PlexA2-/-; PlexA4-/- mutants, with 8/9 showing full expressivity).  (B-D’) Cross-sectional 
views of the accessory optic visual system in PlexA2+/-;PlexA4+/- (B-D) and PlexA2-/-
;PlexA4-/- (B’-D’) mice.  Compared to controls, PlexA2-/-;PlexA4-/- mutants exhibit 
greatly reduced MTN innervation (B’), a complete loss of DTN innervation (red 
arrowhead in C’), but apparently normal NOT innervation (white arrow in D’).  (E-H’) 
Characterization of RGC axonal innervation to image-forming (E, E’, F, F’) and non-
image-forming (G, G’, H, H’) retinorecipient targets in controls (E-H) and PlexA2-/-
;PlexA4-/- mutants (E’-H’).  In comparison to controls, the segregation of ipsilateral and 
contralateral retinal projections and general retinorecipient targeting are preserved in 
PlexA2-/-;PlexA4-/- mutants (n=9 PlexA2+/-;PlexA4+/- mice; n=9 PlexA2-/-;PlexA4-/- 
mutants).  Scale bars: 1 mm in (A’) for (A) and (A’); and 250 µm in (B) for (B) and (B’); 
250 µm in (C’) for (C) and (C’); 250 µm in (D’) for (D) and (D’); 250 µm in (E’) for (E) 
and (E’); 250 µm in (F’) for (F) and (F’); 250 µm in (G’) for (G) and (G’); and 250 µm in 
(H’) for (H) and (H’). 
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Figure 37. PlexA2/A4-Sema6A Signaling is Required for the Optokinetic Reflex 
(OKR) Response 
(A) OKR of Sema6A+/- (top) and Sema6A-/- mice (bottom) measured by infrared imaging 
of eye position in response to horizontal (left two columns) or vertical (right two 
columns) motion of black and white stripes during a 30-second time interval (indicated 
by the striped pattern at the top of each panel).  Prior to and following the stimulus 
interval there are two 30-second periods with no moving stimuli.  Asymmetric saw-tooth 
eye tracking movements (ETMs) illuminate the OKR.  Sema6A-/- mutants retain 
significant horizontal OKR responses (left panel) but exhibit no vertical OKR (right two 
panels).  (B) Quantification of the average number of eye tracking movements (each 
ETM is defined as a slow tracking movement followed by a rapid saccade) per 30-second 
interval.  Left panel, horizontal OKR of Sema6A+/- and Sema6A-/- animals.  Right panel, 
vertical OKR in Sema6A+/- and Sema6A-/- animals.  (C) Pupil light reflex (PLR) test 
(measured by pupil area, mm2) of Sema6A+/- and Sema6A-/- mice showing that Sema6A-/- 
mutants have normal PLR responses.  (D) Representative horizontal OKR (left two 
columns) and vertical OKR (right two columns) responses in PlexA2+/-; PlexA4+/- (upper 
row), PlexA2-/- (middle row), and PlexA2-/-; PlexA4-/- animals (bottom row).  PlexA2-/-; 
PlexA4-/- animals exhibit loss of both horizontal and vertical OKR responses.  (E) 
Quantification of the horizontal and vertical OKRs in PlexA2+/-; PlexA4+/-, PlexA2-/-, and 
PlexA2-/-; PlexA4-/- animals.  Left panel, mean values for each mouse tested for OKR.  
The single PlexA4-/-;PlexA2-/- mouse that showed significant vertical ETMs  (mouse 
#8191, which shows limited MTN innervation (Figure 38H), is indicated by a black 
arrow).  Right panel, mean±S.D. for each genotype. 
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Figure 38.  Post-hoc Characterization of PlexA2-/-;PlexA4-/- AOS Axon Projections  
(A-H) Wholemount ventral view of PlexA2+/-; PlexA4+/- (A and B), PlexA2-/- (C and D), 
and PlexA2-/-; PlexA4-/- (E-H) brains following retinal CTB injections.  Note that all 
PlexA2+/-; PlexA4+/- (A and B) and PlexA2-/- mice (C and D) exhibit normal RGC-MTN 
innervation (red arrows in A, B, C, and D), whereas all PlexA2-/-; PlexA4-/- mice (E to G), 
except for #8191 (H, red arrowhead), show greatly diminished innervation to the MTN. 
The weak MTN innervation in mouse #8191 is correlated with the preserved vertical 
OKR in this animal (Figure 37E, black arrow).  (I-P) Cross-sectional view of the DTN 
innervation in PlexA2+/-; PlexA4+/- (I and J), PlexA2-/- (K and L), and PlexA2-/-; PlexA4-/- 
(M-P). PlexA2+/-; PlexA4+/- and PlexA2-/- mice show normal DTN innervation (yellow 
arrows in I, J, K, and L), whereas all PlexA2-/-; PlexA4-/- mice exhibit no DTN (M-P).  












	   149	  
 
Chapter 4. Cas Adaptor Proteins Organize the Retinal 
Ganglion Cell Layer Downstream of Integrin Signaling 
 
Introduction 
An early step in the development of laminar organization within the nervous 
system is the stratification of neuronal cell bodies, providing a foundation upon which 
lamination of neuronal processes and precisely ordered neural circuits can be assembled.  
The mature murine retina is organized into three distinct cell body layers: the 
multilayered outer and inner nuclear layers (ONL and INL, respectively), and the single 
cell-layered retinal GCL (Sanes and Zipursky, 2010).  The GCL is composed of retinal 
ganglion cells (RGCs) and displaced amacrine cells (dACs) that temporarily reside in the 
inner neuroblastic layer (INbL) but then migrate early postnatally through the INbL to 
resolve into a single-cell GCL (Reese, 2011; Zolessi et al., 2006).  While progress has 
been made toward understanding how processes emanating from retinal neurons become 
stratified, the molecular mechanisms that direct migration of RGCs and dACs to form the 
single-cell mammalian GCL remain to be elucidated. 
 Secreted extracellular matrix proteins belonging to the laminin family guide GCL 
progenitors as they migrate to their final position in the retina (Randlett et al., 2011).  
Laminins are highly enriched in the basal lamina of the inner limiting membrane (ILM) 
and serve as cell non-autonomous instructive signals that orient RGC axon emergence 
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and initial guidance during GCL cell migration (Libby et al., 2000; Libby et al., 1997; 
Randlett et al., 2011).  Laminins are required for the establishment of the single-cell 
GCL; null mutations in the genes encoding β2 or δ3 laminin chains produce ectopic 
multilayered GCL cell aggregates that form beyond the ILM (Edwards et al., 2010; 
Pinzon-Duarte et al., 2010).  Although accumulating evidence supports an instructive role 
for laminins in GCL establishment and organization, how differential laminin distribution 
is sensed and interpreted by migrating neurons is not known. 
 Integrins are well known laminin receptors essential for neural migration and 
stratification in regions of the nervous system other than the retina, acting both neuron-
autonomously and non-autonomously (Anton et al., 1999; Graus-Porta et al., 2001; 
Niewmierzycka et al., 2005; Schmid et al., 2004; Stanco et al., 2009).  Integrins can 
activate a myriad of signaling pathways to instruct cell migration.  One of these pathways 
involves phosphorylation of Crk-associated substrate (Cas) cytosolic adaptor proteins by 
activated focal adhesion kinase (FAK) and Src tyrosine phosphorylation; this results in 
the recruitment of Crk, activation of Rac and actin cytoskeleton remodeling (Bouton et al., 
2001; Defilippi et al., 2006).  Cas signaling adaptor proteins are thought to mediate 
integrin signal transduction during neural development (Bargon et al., 2005; Bourgin et 
al., 2007; Huang et al., 2006; Huang et al., 2007).  In Drosophila, dCas is essential for 
integrin-mediated motor axon guidance and fasciculation (Huang et al., 2007).  However, 
evidence supporting a role for Cas proteins downstream of integrins during vertebrate 
neural development comes from in vitro tissue culture studies (Bargon et al., 2005; 
Bourgin et al., 2007; Bouton et al., 2001).   
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 Here, we show that β1-Integrin and Cas adaptor proteins are highly expressed in 
the inner neuroblastic layer (INbL) of the mouse retina, and that β1-Integrin is required 
for proper GCL organization.  We also provide the first in vivo evidence that Cas 
signaling adaptor proteins are essential for β1-Integrin function during vertebrate neural 
development by investigating their role in the establishment of the GCL.  These results 
provide insight into how migrating retinal neurons respond to the laminin-rich ILM, 
resulting in the characteristic single-cell layer organization of the GCL. 
 
Results 
To explore the molecular mechanisms underlying the instructive role of laminin 
in establishing the GCL, we first asked whether the laminin receptor β1-Integrin is 
expressed during retinal development.  We performed β1-Integrin immunohistological 
analyses at different developmental time points.  During embryonic development, 
expression of β1-Integrin is enriched in the INbL, with higher levels of expression close 
to the ILM (Figures 39A and 39B).  This expression continues during the first week after 
birth (P4; Figure 39C), however at P14 β1-Integrin expression in the retina is down 
regulated and becomes restricted to vascular tissue (Figure 39D).  This expression pattern 
suggests that β1-Integrin participates in GCL progenitor migration and organization.  
 To investigate the requirement for β1-Integrin during retinal development, we 
used a mouse lines that express pan-retinal Cre recombinase expression (Six3Cre) (Furuta 
et al., 2000) or neural retina-specific Cre (Pax6αCre) (Marquardt et al., 2001) together 
with a conditional β1-Integrin allele (Itgb1f) (Raghavan et al., 2000), to selectively 
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remove β1-Integrin (Itgb1) in the retina.  In postnatal day 14 (P14) control animals, GCL 
cells are organized into a single-cell layer adjacent to the ILM (Figures 39E and 39G).  In 
Six3Cre;Itgb1f/f or Pax6αCre;Itgb1f/f retinas, the GCL fails to resolve into a single-cell 
layer (Figures 39F and 39H).  In these mutant retinas, ectopic aggregates that include 
GCL cells form multilayered “rosette” structures beyond the ILM (Figures 39F and 39H).  
These rosette structures include displaced ACs, revealed by labeling with anti-ChAT 
(starburst ACs; Figures 40A and 40B), and RGCs, marked by Brn3b (Figures 40C and 
40D).  Ectopically localized ACs and RGCs in these mutant retinas recruit at least some 
of their presynaptic partners since rod bipolar neurites (PKCα+; Figures 40E and 40F) 
invade the rosettes.  These results show that β1-Integrin is required for the formation of 
the single-cell GCL during retina development. 
 During cortical development β1-Integrin regulates Cajal-Retzius cell organization 
and maintains basal lamina integrity (Graus-Porta et al., 2001).  To determine whether or 
not β1-Integrin is required for formation of the ILM basal lamina, we analyzed ILM 
integrity at different developmental stages in control and Six3Cre;Itgb1f/f animals.  At 
embryonic day 14.5 (e14.5) formation of the ILM appears normal, as revealed by anti-
laminin immunohistochemistry in both control and Six3Cre;Itgb1f/f retinas (Figures 39I 
and 39J).  Furthermore, the ILM is mostly intact in Six3Cre;Itgb1f/f retinas at e18.5, even 
at sites where aggregates have started to form (Figures 39K, 39L, 40G and 40H).  Later 
in retinal development, as ectopic aggregates continue to grow, the ILM in 
Six3Cre;Itgb1f/f mutant retinas becomes disorganized (P7, Figures 39M and 39N), 
suggesting that ILM disruption arises as a secondary consequence of RGC positioning 
defects. 
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Phosphorylation of Cas adaptor proteins is thought to mediate integrin signaling 
during mammalian neural development.  This is based on in vitro observations in 
dissociated neuronal and slice cultures from the mouse brain that suggest Cas acts 
downstream of integrins to regulate neurite morphology and growth (Bourgin et al., 2007; 
Huang et al., 2006), and on in vivo observations in Drosophila showing that integrin-
dCas signaling is critical for embryonic motor axon guidance (Huang et al., 2007).  Does 
β1-Integrin signaling during RGC and AC positioning proceed through Cas, and is Cas 
phosphorylation relevant for GCL elaboration in the vertebrate retina?  To address these 
issues we first asked if Cas phosphorylation is affected by loss of β1-Integrin.  In control 
animals at e18.5, phosphotyrosine-p130Cas (PY-Cas) is highly enriched in the INbL, 
particularly in close proximity to the ILM (Figure 39O).  In contrast, PY-Cas is almost 
completely absent in Six3Cre;Itgb1f/f retinas (Figure 39P), although total p130Cas protein 
expression does not seem to be affected (Figures 40G and 40H).  We confirmed that the 
antibody we used to detect PY-Cas shows specificity for p130Cas since in our p130Cas 
targeted mutant, where exon 2 of p130Cas is removed, the Western blot band from 
embryo lysates is dramatically reduced (Figure 42).  These results show that Itgb1 is 
required for p130Cas phosphorylation during GCL formation.   
We next undertook detailed histological analyses of p130Cas expression in the 
developing retina, utilizing a GENSAT BAC transgenic mouse line that expresses EGFP 
under the control of p130Cas regulatory sequences (Gong et al., 2003; Heintz, 2004).  
This line allows detection of cells expressing p130Cas, based upon EGFP expression, and 
phosphorylated p130Cas in the same section.  The p130Cas-EGFP-Bac retinal EGFP 
expression pattern is consistent with that of endogenous p130Cas in WT animals (Figures 
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41A-41D and Figures 42A-42D; data not shown).  Although p130Cas is expressed 
broadly in the INbL during embryonic development, phosphorylated p130Cas is highly 
enriched in the cells that are in close proximity to the ILM (Figures 42A and Figure 43E).  
Soon after birth (P0 and P7), high levels of phosphorylated Cas are mainly present in 
close proximity to the ILM and also in the incipient IPL (Figures 41B and 41C).  As 
development progresses, p130Cas phosphorylation becomes restricted to the GCL and a 
small subset of cells in the INL (P14 and adult, Figure 41D and Figure 42F).  Therefore, 
p130Cas and phospho-tyrosine-p130Cas expression patterns are consistent with Cas 
signaling-adaptor proteins being involved in GCL organization.  
 Since p130Cas is expressed during retinal development and Cas phosphorylation 
is regulated by β1-Integrin, we next asked whether p130Cas is required during RGC and 
AC migration.  Since p130Cas-/- mice die early in embryogenesis (Honda et al., 1998), 
we generated a conditional p130Cas allele (p130Casf; Figure 42).  Interestingly, p130Cas 
alone is not required for GCL development; Six3Cre; p130Casf/Δ and Pax6αCre; 
p130Casf/Δ retinas develop normally and are indistinguishable from WT (Figures 44A-
44C; data not shown).  The expression patterns during retinal development of the two 
other mouse Cas family members, CasL and Sin, highly overlap with p130Cas (Figures 
44D-44L).  This raises the possibility that CasL and Sin compensate for the lack of 
p130Cas in Six3Cre; p130Casf/Δ and Pax6αCre; p130Casf/Δ mice, and that Cas adaptor 
proteins might act redundantly during retinal development.  Therefore, we performed 
retina-specific p130Cas ablation in a CasL-/-;Sin-/- double null mutant genetic background 
(we refer to p130Casf/Δ;CasL-/-;Sin-/- mice as triple conditional knock-outs: “TcKO”) 
(Donlin et al., 2005; Seo et al., 2005).  When examined at P14, both Six3Cre;TcKO and 
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Pax6αCre;TcKO retinas exhibit, with full penetrance and expressivity, severe 
disorganization of the GCL and formation of ectopic rosette structures beyond the INbL, 
phenotypes not observed in control retinas (Figures 41E-41H; n=5 for each genotype; 
3±1.3 aggregates/mm of sectioned retina).  Similar phenotypes are also observed in 
Six3Cre; p130Casf/Δ;CasL-/-;Sin+/-  animals, but not in any other combination of Cas 
family alleles (Figures 44M-O).  The ectopic cell clusters are found throughout the 
Six3Cre;TcKO retina, and they can be visualized using retina whole mount staining with 
anti-calbindin, a marker for subsets of RGCs and ACs.  This is in sharp contrast to the 
even distribution of unclustered calbindin+ cells in control animals (Figures 41I and 41J).  
 What are the identities of cells in these ectopic rosette structures?  We carried out 
immunohistochemical analyses using a battery of RGC and AC markers and found that 
many cells present in the ectopic aggregates express calretinin (a marker for subsets of 
ACs and RGCs; Figures 43A and 43B), ChAT (starburst ACs; Figures 43C and 43D), 
and Brn3a (RGCs; Figure 43E and 43F), suggesting that the ectopic aggregates include 
both RGCs and ACs.  Bipolar cells send projections into these aggregates since we 
observe that neurites expressing the rod bipolar cell marker PKCα extend processes into 
the rosette structures (Figures 43G and 43H).  Further, small ectopic presynaptic 
terminals appear in and around the ectopic aggregates, indicated by the presence of 
neurites labeled with excitatory (vGlut1; Figures 43I and 43J) and inhibitory (vGAT; 
Figures 43K and 43L) presynaptic markers.  No obvious phenotypes were observed in 
RGC axon projection orientation when Six3Cre;TcKO embryonic retinas were stained 
using neurofilament antibodies (data not shown).  We next assessed the integrity of the 
ILM in Six3Cre;TcKO retinas by immunostaining with antibodies raised against laminin 
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and the proteoglycan perlecan (Figures 43M-43P).  Although the ILM is well organized 
in control animals at P14 (Figures 43M and 43O), it is completely disrupted in 
Six3Cre;TcKO animals at sites where the aggregates form (Figures 43N and 43P).  These 
phenotypes closely resemble defects we observe in Six3Cre;Itgb1f/f mutant retinas (Figure 
39) and demonstrate a requirement for Cas adaptor proteins during RGC and AC 
positioning and formation of the single-cell GCL. 
Is ILM integrity compromised throughout retinal development in these mutant 
retinas, or does it follow a similar timeline for animals lacking b1-integrin?  The ILM 
forms normally in Six3Cre;TcKO retinas and is indistinguishable in mutant and control 
retinas at e14.5 (Figures 45A and 45B).  In e17.5 Six3Cre;TcKO retinas, ectopic cell 
aggregates form prior to the complete disruption of the ILM (Figures 45C and 45D), 
similar to what we observe in Six3Cre;Itgb1f/f mutants (Figure 39L).  Thus, retinal neuron 
positioning defects in these mutants arise in the presence of a nearly intact ILM.  By P0, 
the ILM becomes more disorganized in Six3Cre;TcKO retinas relative to control retinas, 
and this occurs only at sites where aggregates have formed (Figures 45E and 45F, and 
Figures 46F and 46G); no overt disruption of the ILM is observed where aggregates do 
not form (Figure 46G).  The severity of ILM disruption in mutant retinas increases as 
development progresses and as ectopic aggregates increase in size (P4; Figures 45G and 
45H).  Interestingly, aggregate formation and ILM disruption result in the secondary 
recruitment of vascular tissue into these rosettes (Figures 46H-46K), and it is also 
accompanied by mild to moderate defects in Müller Glia organization (Figures 46L and 
46M).  These data strongly suggest that ILM defects at sites where ectopic aggregates 
form are a secondary consequence of initial migration defects and ectopic rosette growth. 
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A large number of RGCs are mislocalized in Six3Cre;TcKO retinas.  Does the 
final RGC location affect central projection targeting by RGC axons?  We performed 
injections of cholera toxin subunit B (CTB) conjugated to fluorescent alexa dyes into the 
retinas of control and Six3Cre;TcKO animals.  We found no obvious differences in the 
central axonal projections between control and Six3Cre;TcKO animals (Figure 46A-
46D’), suggesting that retino-recipient targeting of RGC axons is not affected even 
though many RGCs end up in an ectopic location.  To ask whether or not RGCs in 
ectopic rosette structures project to retinorecipient areas, we performed retrograde 
labeling by injecting CTB-Alexa546 into the LGN in Six3Cre;TcKO  and control mice 
(Figures 45I and J, and Figures 46E and 46E’).  All of the ectopic aggregates we 
observed in Six3Cre;TcKO retinas included CTB+ cells (Figure 45J; n=3 animals, 6 
retinas, and 5-10 aggregates per retina).  Therefore, RGCs in Six3Cre;TcKO retina 
rosettes are indeed able to project to retinorecipient areas in the thalamus. 
 Although Six3Cre;TcKO and Pax6αCre;TcKO retinas exhibit similar phenotypes 
(Figures 41E-41H, data not shown), the Pax6αCre transgene has the added advantage of 
driving co-expression of Cre recombinase and EGFP (Marquardt et al., 2001).  The 
Pax6αCre transgene is expressed broadly in neural progenitors for only a limited 
developmental period, following which expression becomes restricted to subpopulations 
of ACs and RGCs (Marquardt et al., 2001).  We took advantage of these Pax6αCre 
transgene properties to assess whether the cells that form ectopic rosettes are ACs and 
RGCs in which Cre recombinase expression was maintained during development.  
Interestingly, most of the cells that compose ectopic aggregates in Pax6αCre;TcKO P4 
retinas are EGFP+ (Figures 45K-45L), and all rosettes co-segregate with EGFP+ cells, 
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suggesting that cells in which efficient recombination of the conditional allele occurs 
contribute to the rosettes.  To test whether inefficient recombination of the conditional 
p130Casf allele might account for the formation of rosettes, we stained Control and 
Six3Cre;TcKO retinas with the phosphotyrosine-Cas antibody (PY-Cas, Figures 45M and 
45N).  Though reduced, some PY-Cas staining remains in the Six3Cre;TcKO retinas 
compared to Control retinas, suggesting that disruption of Cas expression does not occur 
in some retinal cells.  Importantly, all of the cells that form ectopic aggregates show 
strong abrogation of PY-Cas expression (Figures 45M and 45N).  Taken together, these 
findings raise the possibility that Integrin-Cas signaling plays a neuron-autonomous role 
in the INbL during the positioning of RGCs and ACs that is required to organize the GCL. 
To investigate whether Integrin-Cas signaling functions cell autonomously during 
GCL organization, we used in utero electroporation to introduce a plasmid that expresses 
both Cre recombinase and EGFP under the strong CAGGs promoter (CRE-IRES-EGFP) 
into WT or TcKO retinas at e13.5 (Figures 45O and 45P).  At this stage of retina 
development GCL progenitors are already born and migrating through the INbL (Garcia-
Frigola et al., 2007; Petros et al., 2009).  In WT retinas RGC and AC migration proceeds 
normally, and no electroporated (EGFP+) cells are detected beyond the laminin-rich ILM 
(Figure 45O; n=3 animals).  However, Cre/EGFP-electroporated TcKO retinas exhibit 
ectopic cell aggregates beyond the ILM (Figure 45P).  Some of the cells in every one of 
the aggregates we observe are EGFP+ (n=5 aggregates from 3 independent animals).  
These observations show a rosette-autonomous requirement for Cas proteins during GCL 
organization.  Taken together with the phenotypes we observe in the neural retina-
specific conditional knock-outs (Pax6αCre; TcKO and Pax6αCre; Itgb1f/f; Figures 39H, 
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41H, 41L, data not shown), our results strongly suggest a role for Integrin-Cas signaling 
in regulating GCL progenitor positioning and organization into a single cell layer.  
Importantly, although all ectopic rosettes contain Cre-EGFP+ cells, in retina cross-
sections we observe that the average rosette is composed of 51±21% GFP+ cells 
(mean±SD), and some cells in every rosette observed in mutant retinas are EGFP- (Figure 
45P).  This is consistent with secondary, cell non-autonomous, defects caused by the 
initial disruption of the ILM by aberrant migration of EGFP+/Cas- cells.  
 
Discussion 
The stratification of cell bodies within developing laminar structures is a 
progressive event that occurs throughout the nervous system and is critical for the 
assembly of neural circuits (Franco and Muller, 2011).  The process by which the single-
cell retina GCL is generated provides a relatively simple example of how laminar 
organization within the nervous system arises.  We describe here a molecular mechanism 
by which the retina GCL is resolved into a single-cell layer through signaling interactions 
with ECM components.  We identify a signaling pathway that acts in a neuron-
autonomous fashion to sense and interpret the differential distribution of laminin during 
GCL progenitor positioning.  We find that Cas signaling-adaptor proteins are critical for 
resolving the GCL into a single cell layer in vivo, functioning redundantly downstream of 
the laminin receptor β1-integrin in a neuron-autonomous manner.   
 During the process of cortical lamination, integrin signaling acts neuron-
nonautonomously, functioning in glia and Cajal-Retzius cells to preserve basal lamina 
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and pial surface integrity (Graus-Porta et al., 2001).  Similarly, Abl and Arg tyrosine 
kinases are required for basement membrane integrity and cortical lamination in the 
cerebellum (Qiu et al., 2010).  In contrast, our data suggest that integrin-Cas signaling 
acts primarily in a neuron-autonomous manner to resolve the GCL into a single cell layer.  
The initial assembly of the ILM basal lamina in retina-specific Cas TcKO and β1-Integrin 
mutants apparently proceeds normally.  The ILM is completely intact in these conditional 
mutants during early embryogenesis; ectopic rosette structures begin forming beyond the 
ILM before we detect gross disruption of the basal lamina.  This is consistent with the 
observation that the Six3Cre and Pax6αCre transgenes do not drive expression of Cre 
recombinase in the neuroepithelial cells that form the ILM (Figures 46N and 46N’; 
(Marquardt et al., 2001)).  Further, when β1-Integrin or Cas are removed early in retinal 
development through the protracted expression of Cre/EGFP, mutant cells constitute the 
majority of cells observed in ectopic rosettes.  As cell migration past the ILM in 
Six3Cre;Itgb1f/f and Six3Cre;Cas TcKO mutant retinas progresses, the ILM breaks down 
and ectopias become larger, likely a secondary effect of ILM disruption.  These data 
suggest an initial cell-autonomous role for integrin-Cas signaling in migrating retinal 
neurons during the establishment and organization of the GCL.  Interestingly, although 
there is a severe disruption of retina morphology, with multiple GCL cell bodies located 
in ectopic positions in Six3Cre;Itgb1f/f and Six3Cre;Cas TcKO mutant retinas, RGC 
central projections reach their retinorecipient targets.  RGCs that form rosettes in 
Six3Cre;Cas TcKO mutants can project to the LGN, a retinorecipient area in the thalamus, 
and this is consistent with the developmental timing of RGC axon targeting during late 
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embryonic development  (Badea et al., 2009a; Marcus and Mason, 1995; Simon and 
O'Leary, 1992).  
At postnatal stages we observe a modest, but significant, defect in Müller Glia 
(MG) endfeet organization.  Since MG differentiate postanatally (Jadhav et al., 2009b), 
the initial disruption in GCL organization we observe in Six3Cre;Cas TcKO mutant 
retinas arises independently of neuron-MG interactions.  These defects in MG cell end-
feet organization could be due to a primary deficiency in MG attachment or, alternatively, 
they could arise as a secondary consequence of ILM disruption by mislocalized neurons.  
Later in retina postnatal development, disorganization of MG end-feet likely contributes 
to the severity of the phenotype, since MG cells are known to maintain the integrity of 
the ILM postnatally (Jadhav et al., 2009b). 
 Migrating cells that settle in precise locations must interpret a variety of cues to 
find their final position, and so it is interesting to consider how these cells detect the end 
of their migration trajectories.  In the cortex, apart from non-autonomous β1-Integrin 
functions that are important for preserving the basal lamina, β1-Integrin signaling is 
essential in migrating neurons for cell-cell recognition of radial glia and for reelin-
induced repulsion at the pial surface (Anton et al., 1999; Dulabon et al., 2000; Schmid et 
al., 2004).  Reelin in a more superficial cortical location provides a repulsive signal that 
promotes the switch from gliophilic to neurophilic cell-cell adhesion (Dulabon et al., 
2000).  In contrast, retinal neurons initiate migration without the aid of radial glia, and the 
laminin-rich ILM provides an instructive cue that initially regulates the orientation of 
migrating cells but ultimately defines the position where the single-cell GCL will form 
(Edwards et al., 2010; Pinzon-Duarte et al., 2010; Randlett et al., 2011; Sanes and 
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Zipursky, 2010; Zolessi et al., 2006).  Integrin-Cas signaling acts in migrating neurons to 
sense the ILM and is necessary for the reorganization of the GCL.  This signaling 
pathway allows migrating cells to interpret the ILM as a “stop, adhere and spread” signal, 
thereby promoting the alignment of the GCL into a single-cell layer.  In the absence of 
integrin-Cas signaling, cells fail to detect the ILM, poke through and migrate past it, 
ultimately disrupting the basal lamina and initiating subsequent formation of ectopias.  
Since stratification and laminar organization of neuronal processes is observed 
throughout the nervous system, these molecular mechanisms may be relevant for the 
assembly of a wide range of neural circuits. 
 We show here that Cas phosphorylation in the developing retina is dependent 
upon β1-Integrin function, providing a direct in vivo link between integrin signaling and 
Cas phosphorylation during GCL formation.  Furthermore, Six3Cre;Cas TcKO mutant 
retinas phenocopy Six3Cre;Itgb1f/f  (this study) and β2/δ3 laminin-/- mutants (Pinzon-
Duarte et al., 2010).  These results provide the first in vivo evidence that Cas proteins act 
redundantly in mammals to transduce integrin signaling during neuronal development.  
Since Cas phosphorylation and function can be modulated by integrin-independent 
signaling pathways in vitro (Bourgin et al., 2007; Defilippi et al., 2006; Liu et al., 2007), 
it will be important to determine how these key signaling adaptor proteins integrate 
multiple signaling pathways during neuronal circuit assembly and refinement. 
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Experimental Procedures 
Animals.  The day of vaginal plug observation was designated as embryonic day 0.5 
(e0.5) and the day of birth in this study was designated as postnatal day 0 (P0).  
Generation of the β1-integrinf/f (Itgb1f/f), Six3Cre, Pax6αCre, CasL-/- and Sin-/- mouse 
lines has been described previously (Donlin et al., 2005; Furuta et al., 2000; Marquardt et 
al., 2001; Raghavan et al., 2000; Seo et al., 2005).  Control animals were Itgb1f/+ for 
conditional integrin mutants or CasL-/-; Sin-/-; P130Cas+/f for the Six3Cre;TcKO Cas and 
Pax6αCre; TcKO Cas mutants. 
 
Generation of p130Cas conditional allele.  The mouse line carrying a targeted allele for 
the Bcar1 (p130Cas) locus was generated using the vector PL253, modified by Bac 
recombineering (Liu et al., 2003).  The p130Casneo/+ allele was engineered to carry two 
loxP sites (target recognition sequences for Cre recombinase) flanking Exon 2 of the 
p130Cas gene (Figure 41), and an FRT-flanked neomycin cassette. Germline 
transmission of the p130Casneo allele was verified by Southern Blot and a PCR 
genotyping strategy (Figure 41).  Deletion of coding exon 2 to generate the p130Cas∆ 
allele was induced by crossing recombinant p130Casneo/+mice with EIIa-cre mice, which 
carry the Cre-transgene under the control of the adenovirus EIIa promoter (Lakso et al., 
1996).  In order to eliminate the deleterious effects of the neomycin gene, 
p130Casneo/+animals were crossed to deleter mice carrying ACT-FlpE, which expresses 
FlpE recombinase under the direction of the human ACTB promoter (Rodriguez et al., 
2000).  FlpE mediates germline excision of the neomycin gene and leaves a single FRT in 
the genomic DNA, as well as two loxP sites flanking exon 2 (p130Casf/+). All breedings 
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at the chimera stage were done into the C57/Bl6J mouse strain and were then backcrossed 
into the 129/SvJ background.  PCR genotyping of p130Cas∆/f  mice was done using the 
following primers: Loxp5BcarF: 5’-caagttctaggatagccaagg-3’; Loxp5BcarR: 5’-
tcatctactaggctgccaatg-3’ and BcarDeltaR: 5’-ccacaggctttatgttcacatc-3’.  
 
Immunohistochemistry.  Eyes were fixed and processed as previously described 
(Matsuoka et al., 2011a).  Primary antibodies used in this study include: mouse anti-
CD29 (β1-integrin, BD Biosciences, 1:200), rabbit anti-p130Cas C terminal (Santa Cruz, 
1:200), rabbit anti-p130Cas PY165 (Cell Signaling Technology, 1:100), rabbit anti-
laminin (Sigma, 1:1000), rabbit anti-GFP (Lifescience Technologies, 1:500), chicken 
anti-GFP (AVES, 1:1000), rabbit anti-Calbindin (Swant, 1:2000), goat anti-Calretinin 
(Swant, 1:2000), goat anti-ChAT (Millipore, 1:100), mouse anti-Brn3a (Millipore, 1:20), 
mouse anti-Brn3b (gift from Dr. Jeremy Nathans, 1:200), mouse anti-protein kinase C α 
(Millipore, 1:500), Guinea pig anti-vGlutI (Millipore, 1:500), rabbit anti-vGAT (Synaptic 
Systems, 1:500), Rat anti-heparan sulfate proteoglycan (Perlecan) (Millipore, 1:500), rat 
anti-PECAM (BD biosciences, 1:500), Mouse anti-glutamine synthetase (GS) (Millipore, 
1:500).          
 
In situ hybridization.  In situ hybridization was performed on fresh frozen retina 
sections (20 µm thickness) using digoxigenin-labeled cRNA probes as previously 
described (Giger et al., 2000).  cDNA templates for the cRNA probes were generated 
using the following primers: CasL F:5- GGG TCT AGA ACC GCG GTG GAC AAA 
GTA GAG C-3, R:5- GGG GAA TTC AGA GGG CGT CGA TGG CGT TGA G -3; 
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p130Cas F:5- GGG TCT AGA ATC TAC CAA GTT CCT CCA TCT CTG-3, R: 5- 
GGG GAA TTC ACA CCA TCG TCA ACT ACA CTC CC-3; Sin F: 5- GGG TCT 
AGA CGT GGC AGA GGT CTA TGA TGT G-3, R: 5- GGG GAA TTC GCT GGA 
TCA TTG GCT ACC TCC C-3.  PCR products were then cloned using the Strataclone 
Blunt Cloning Kit (Stratagene). 
 
Wholemount retinal staining.  Wholemount retina ICC was performed as previously 
described (Matsuoka et al., 2011a), with a few modifications.  Briefly, enucleated eyes 
were fixed in 4% paraformaldehyde (PFA) for 1 hour at 4°C.  The eyecups were 
dissected out and incubated for 4-5 days at room temperature with primary antibodies in 
PBS containing 10% donkey serum, 0.5% Triton X-100 and 20% dimethyl sulphoxide 
(DMSO).  Retinas were washed with PBS+0.5% Triton X-100 5 times for 1 hour at room 
temperature, and then incubated with secondary antibodies in PBS+0.5% Triton X-100 
overnight at 4°C.  Retinas were washed in PBS+0.5% Triton X-100 5 times for 1 hour at 
room temperature and then flat mounted. Confocal images were taken using a Zeiss 
Axioskop2 Mot Plus, LSM 5 Pa confocal microscope.  
 
Cholera toxin subunit B (CTB) injection.  Bilateral CTB injection was performed as 
previously described (Matsuoka et al., 2011a).  Briefly, the animals were anesthetized 
using isoflurane, and then injected with 2 µL CTB-Alexa-546 or CTB-Alexa-488 
(Lifescience Techologies, 1mg/mL), bilaterally into the vitreous of each eye. For 
retrograde labeling, 0.3 µL CTB-Alexa-546 were injected bilaterally into the LGN using 
a stereotactic frame. Two days after the procedure, the animals were perfused with 4% 
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PFA; and the brains were dissected out and further sectioned using Leica VT1000 S Fully 
Automatic Vibrating Blade Microtome. The eyes were dissected out, post-fixed in 4% 
PFA, cryoprotected and sectioned using a cryostat. 
 
In utero retina electroporation.  In utero retina electroporation was performed as 
previously described with a few modifications (Garcia-Frigola et al., 2007; Petros et al., 
2009).  Briefly, e13.5 p130CasF/F; CasL-/-; Sin-/- embryo retinas were injected 
intravitreally with pCAGGS-Cre-IRES-EGFP plasmid (4 µg/µL) and electroporated with 
five 40 volts, 50 ms square pulses at a frequency of 60 Hz.  As a result, EGFP is 
expressed in the same cells that express Cre recombinase. The embryos were allowed to 
develop until e18.5 before being sacrificed and further processed. 
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Figure 39.  β1-Integrin is required for GCL formation and p130Cas 
phosphorylation.  
(A-D) Immunostaining of mouse retinas at e14.5 (A), e17.5 (B), P4 (C) and P14 (D) 
using an antibody against β1-Integrin (green), and TOPRO3 (blue).  During embryonic 
and early postnatal development (A-C), β1-Integrin is enriched in the INbL but later 
becomes restricted to capillaries (D).  Inset (A) shows co-staining with TOPRO3.  (E-H) 
Conditional removal of β1-Integrin in the neural retina results in severe GCL defects.  
Control (E and G), Six3Cre; Itgb1f/f (F) and Pax6αCre; Itgb1f/f (H) adult retinas were 
sectioned and stained with antibodies against laminin (red) and calretinin (green).  
Ectopic cell aggregates form beyond the laminin+ ILM in Six3Cre; Itgb1f/f (F) and 
Pax6αCre; Itgb1f/f (H) retinas (n=5 independent animals for all genotypes).  (I-N) 
Histological assessment of ILM integrity during retinal developmental in Control (I, K 
and M) and Six3Cre; Itgb1f/f (J, L and N) retinas stained with anti-laminin (red) and 
TOPRO3 (blue).  At e18.5 ectopic aggregates have already formed in Six3Cre; Itgb1f/f 
mice but the ILM is still intact (L).  (O-P) Histological assessment of p130Cas 
phosphorylation in Control (O) and Six3Cre; Itgb1f/f (P) retinas using a phospho-
Tyrosine165-p130Cas antibody  (PY-Cas, green) and TOPRO3 (blue); n=3.  INbL: Inner 
Neuroblastic Layer; ONbL: Outer Neuroblastic Layer; INL: Inner Nuclear Layer; ONL: 
Outer Nuclear Layer; IPL: Inner Plexiform Layer; GCL: Ganglion Cell Layer.  Yellow 
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Figure 40.  Ectopic rosette structures in Six3Cre; Itgb1f/f  retinas contain multiple 
GCL cell types.   
(A-F) Immunostaining of Control (A, C and E) and Six3Cre; Itgb1f/f (B, D and F) retina 
sections using antibodies for the AC and RGC marker calbindin (Calb, green A and B), 
the starburst AC marker ChAT (red A and B), the RGC marker Brn3b (C and D), and the 
Rod ON BC marker PKCα (E and F).  Ectopic aggregates in Six3Cre; Itgb1f/f (B, D, F) 
retinas contain both RGCs (A-D) and ACs (A and B), and they are innervated by BCs (E 
and F).  (G and H) p130Cas total protein expression in the retina is identical in control 
(G) and Six3Cre; Itgb1f/f (H) mice.  Yellow arrowheads mark the ILM; white arrows mark 
the ectopic aggregates.  Scale bar, 50 µm.  
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Figure 41.  Cas signaling adaptor proteins are required for the GCL to resolve into 
a single cell layer. 
(A-D)  Expression of a p130Cas EGFP reporter (EGFP, left green) and phosophorylated-
p130Cas (PY-Cas, red) in a p130Cas EGFP Bac transgenic mouse (p130Cas EGFP-Bac) 
throughout retina development.  Retinas were counterstained with TOPRO3 (blue).  From 
e14.5 to P0 (A and B) p130Cas phosphorylation is mainly found in the INbL and is 
enriched in close proximity to the ILM.  (E-H) Cryo-sectioned Control (E, G), Six3Cre; 
TcKO (F) and Pax6αCre; TcKO (H) retinas immunostained with anti-calbindin (red) and 
TOPRO3 (blue).  Retina-specific removal of Cas (F and H) results in the formation of 
ectopic cell aggregates in the GCL beyond the ILM (n=5 independent animals for each 
genotype).  (I and J)  Whole-mount calbindin immunostaining (green) confirms the 
presence of ectopic GCL cell aggregates throughout the retina in Six3Cre; TcKO (J) mice, 
as compared to Control (I).  Arrowheads: ILM; white arrows: ectopic aggregates; white 
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Figure 42.  Expression of endogenous p130Cas protein in the retina, and generation 
of a targeted conditional p130Cas/Bcar1 allele.   
(A-D) Expression profile of p130Cas protein in the mouse retina during development at 
e17.5 (A), P4 (B), P7 (C) and P21 (D) in WT animals.  (E) Expression of 
phosphorylated-p130Cas (PY-Cas) in e17.5 WT retinas is indistinguishable from PY-Cas 
expression in p130Cas EGFP-Bac animals (compare to Figure 2B).  (F) 
Immunohistochemistry for EGFP (green) and PY-Cas (red) in adult p130Cas EGFP-Bac 
retinas.  (G-K) Generation of a targeted, conditional, p130Cas allele.  (G) Schematic 
representation of the targeting strategy to generate the p130Cas∆ mutant allele.  (H) 
Southern blot analysis of WT and targeted ES cells. Genomic DNA was digested with 
BamHI. Results for the inner and 5’outer probe depicted in (G) are shown.  Similar 
results were observed with the 3’ probe. (I and J) PCR genotyping for the different alleles 
generated after crossing with a germline Flp line (I) or a germline cre line (J).  (K) 
Western blot analysis of WT and p130CasΔ/Δ 11.5 dpc embryos.  Although a truncated 
form of p130Cas is still present in p130CasΔ/Δ mice, total p130Cas expression levels are 
almost completely abolished.  In p130CasΔ/Δ mutants, the levels of phospho-p130Cas are 
greatly reduced compared to WT.  These results, in combination with our observation 
that p130CasΔ/Δ mice die at the same developmental stage as the null mutants, suggest that 
the p130CasΔ allele behaves as a null (or a very strong hypomorphic) p130Cas allele.  
Protein size for each band is expressed in KDa and presented on the left side.  Yellow 
arrowheads mark the ILM.  Scale bar, 50 µm. 
 
  








	   176	  
Figure 43.  Ectopic GCL Aggregates in Cas TcKO Mutant Retinas are Formed by 
Multiple Cell-types. 
(A-P) Control (A, C, E, G, I, K, M and O) and Six3Cre; TcKO (B, D, F, H, J, L, N and P) 
P14 retina sections were immunostained with antibodies against the AC and RGC marker 
calretinin (A and B), the starburst AC marker ChAT (C and D), the RGC marker Brn3a 
(E and F), the rod ON BP cell marker PKCα (G and H), the presynaptic terminal markers 
vGlut1 (I and J) and vGAT (K and L), and the ILM markers laminin (M and N) and 
perlecan (O and P).  Six3Cre; TcKO ectopic aggregates contain both RGCs and displaced 
ACs (B, D and F).  These ectopic rosettes are innervated by rod ON BP cells (PKCα, H) 
and contain both excitatory (vGlut1, J) and inhibitory (vGAT, L) presynaptic terminals.  
Note that the ILM is completely disrupted at sites where aggregates form in the Six3Cre; 
TcKO (N and P) retinas compared to control (M and O).  All sections were counterstained 
with TOPRO3 (Blue).  White arrows: ectopic aggregates; yellow arrowheads: ILM.  
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Figure 44.  Cas adaptor proteins act redundantly during retina development.   
(A-C) Histological assessment of Control (A), Six3Cre; p130CasF/Δ  (B) and Pax6αCre; 
p130CasF/Δ (C) retina sections using antibodies against laminin (red), calretinin (green), 
and TOPRO3 (blue). Six3Cre; p130CasF/Δ  (B) and Pax6αCre; p130CasF/Δ (C) retinas are 
stratified, show normal lamination, and are indistinguishable from Control (A).  (D-L) In 
situ hybridization of e14.5 (D-F) and e17.5 (G-L) WT retinas with antisense (D-I, AS) 
and sense control (J-L) probes for p130Cas (D, G, J), CasL (E, H, K) and Sin (F, I, L).  
The three distinct Cas genes are expressed in an overlapping fashion and are mainly 
enriched in the INbL (D-I).  (M-O) Immunostaining of Six3Cre;p130CasF/+;CasL-/-;Sin-/- 
(M), Six3Cre;p130CasF/Δ;CasL+/-;Sin-/- (N) and Six3Cre;p130CasF/Δ;CasL-/-;Sin+/- (O) P14 
retinas using antibodies against laminin (red) and calretinin (green), and the nuclear 
counterstain TOPRO3 (blue).  Six3Cre;p130CasF/+;CasL-/-;Sin-/- (M) and 
Six3Cre;p130CasF/Δ;CasL+/-;Sin-/- (N) retinas show normal lamination and stratification, 
but Six3Cre;p130CasF/Δ;CasL-/-;Sin+/- (O) retinas fully recapitulate the Six3Cre;TcKO 
(Six3Cre;p130CasF/Δ;CasL-/-;Sin-/-) phenotypes.  INbL: inner neuroblastic layer; ONbL: 
outer neuroblastic layer.  Yellow arrowheads mark the ILM; white arrows mark the 
ectopic aggregates.  Scale bar, 50 µm for (A)-(C) and (M)-(P), and 100 µm for (D)-(L).  
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Figure 45.  Cas Adaptor Proteins are Required Rosette-autonomously for GCL Cell 
Positioning and Organization. 
(A-H) Developmental progression of ILM formation and maintenance in Control (A, C, 
E, G) and Six3Cre; TcKO (B, D, F, H) retinas, here immunolabeled with anti-laminin 
(Red), and TOPRO3 (Blue).  (A and B) The ILM forms normally in Control and Six3Cre; 
TcKO retinas at e14.5.  Ectopic cell aggregates begin to appear in Six3Cre; TcKO retinas 
before any disruption of the ILM is evident (e17.5, D; n=3 for each stage and genotype).  
(I and J) Retrograde labeling of WT (I) and Six3Cre; TcKO (J) RGCs by injection of 
CTB-Alexa546 into the LGN.  Ganglion cells in ectopic rosettes that form in Six3Cre; 
TcKO retinas (J) are labeled by CTB.  (K and L)  Histological analysis of Control (K) 
and Pax6αCre;TcKO (L) P14 retinas stained with Topro3 (T3, Blue) and antibodies 
against EGFP (green) and laminin (Lam, red).  Cells that form ectopic aggregates in 
Pax6αCre;TcKO (L, inset) animals are Cre/EGFP+.  (M and N)  Phospho-Cas (PY-Cas, 
green) imunohistochemistry in P4 Control (M) and Six3Cre; TcKO (N) retinas.  Though 
some PY-Cas staining remains in the Six3Cre; TcKO retinas (white asterisk, N), cells that 
form aggregates show no PY-Cas expression compared to Control (M).  (O and P) Cryo-
sections of WT (O) and Cas TcKO (P) e18.5 retinas electroporated in utero with 
pCAGGs-Cre-IRES-EGFP at e13.5.  Sections were immunolabelled with anti-GFP 
(Green), TOPRO3 (T3, Blue) and anti-Laminin (Red).  In utero electroporation of Cre-
EGFP into Cas TcKO retinas results in formation of ectopic aggregates that contain 
EGFP+ cells (5/5 aggregates, n=3 independent animals); no aggregates form in WT 
retinas (n=3).  White arrows: ectopic aggregates; yellow arrowheads: ILM.  Scale bar, 50 
µm.  
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Figure 46.  RGC axonal central projections do not require Cas adaptor protein 
function.   
(A-D’) Coronal sections showing RGC axonal projections in the main retinorecipient 
brain areas of Control (A-D) and Six3Cre; TcKO (A’-D’) adult mice injected with Alexa-
488 cholera toxin (CTB-488, green) in the right eye and Alexa-546 cholera toxin B 
(CTB-546, red) in the left eye.  The RGC projections in Six3Cre; TcKO adult mice (A’-
D’) are indistinguishable from the projections in Control animals (A-D).  (E and E’) 
Injection sites of CTB-Alexa546 in the LGN for RGC retrograde labeling.  (F-M) 
Immunohistological analyses of Control (F, H, J, L) and Six3Cre; TcKO (G, I, K, M) 
retinas.  (F and G) Immunostaining of Control (F) and Six3Cre; TcKO (G) P0 retinas with 
anti-Calretinin (Calr, Green) and anti-laminin (Lam, Red) antibodies, and the nuclear 
stain TOPRO3 (T3, blue).  The laminin-rich ILM is only disrupted at sites where 
aggregates are forming (white arrows).  (H-K) Immunohistochemistry of Control (H, J) 
and Six3Cre; TcKO (I, K) P14 retinas with an antibody against the vascular marker 
PECAM reveals exuberant vascularization of ectopic GCL aggregates (white arrow).  (L 
and M) Immunostaining with anti-glutamine synthetase (GS) shows mildly disrupted 
Müller glia endfeet organization in Six3Cre; TcKO (M) animals (yellow arrowhead), as 
compared to control (L).  (N and N’) Immunohistochemistry of Six3Cre; Rosa26LZ/+ P3 
retinas with anti-βGal antibody (green) and TOPRO3 (T3, blue) reveals widespread Cre 
activity in the retina, with the exception of the neuroepithelial cells that form the ILM 
(red arrowheads).  SCN, suprachiasmatic nucleus; SC, superior colliculus; LGN, lateral 
geniculate nucleus; MTN, medial terminal nucleus. Scale bars, 250 µm for (A)-(E’), 200 
µm for (F)-(I), 100 µm for (N), and 50 µm for (I)-(L) and (N’). 
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Chapter 5. Conclusions 
 
Sensing the environment and subsequent execution of behaviors rely on accurate 
neuronal connectivity.  Understanding molecular and cellular mechanisms underlying the 
establishment of neuronal connectivity is a first step toward deciphering how the nervous 
system is organized.  In my thesis, I chose the vertebrate retina and retinorecipient targets 
in the brain as model systems to study the basic principles governing neural circuitry 
assembly, largely because of the relatively simple organization of these neural tissues and 
the availability of robust visual behaviors.  The central goal of my thesis work was to 
investigate the molecular mechanisms that govern the functional assembly of retinal 
circuits, and to define key signaling events that underlie the lamination of the vertebrate 
retina.  
 My thesis work addressed how class 6 transmembrane semphorins and their 
receptors direct functional assembly of direction-selective circuitry, and it also revealed 
for the first time a molecular mechanism that governs the development and function of 
the accessory optic system.  In collaboration with Martín Riccomagno, a postdoctoral 
fellow in the Kolodkin laboratory, my thesis work also characterized a signaling pathway 
that mediates neuronal cell body lamination in the vertebrate retina.  In sum, I found that 
Integrin-Cas signaling facilitates the lamination of neuronal cell bodies to form the 
single-cell GCL during early development, and that Sema6A and its receptors mediate 
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the retinal direction-selective circuit assembly and AOS recipient innervation throughout 
later development, thereby ensuring proper visual behaviors.  
 
 
On and Off Retinal Circuit Assembly by Divergent Molecular 
Mechanisms 
My thesis work addressed a long-standing issue in the field of visual 
neuroscience: what are the molecular mechanisms that distinguish the anatomy and 
function of On verses Off retinal direction-selective circuitry?  Important advances in this 
area include the work from the Denk laboratory showing that asymmetric inhibitory 
connectivity between SACs and DSGCs provides the basis for retinal direction selectivity 
(Briggman et al., 2011), work from the Feller and Roska laboratories on the 
developmental program that establishes asymmetric inhibitory circuits (Wei et al., 2011; 
Yonehara et al., 2011; Yonehara et al., 2013), and recent work from the Sanes laboratory 
demonstrating that unique expression of subsets of protocadherin proteins regulates 
dendritic process self avoidance of both On and Off SACs (Lefebvre et al., 2012).  
However, it remains unknown whether or not On and Off direction-selective circuitry 
utilizes similar or distinct wiring mechanisms.  Further, defects in the unique morphology 
SACs have yet to be shown to affect retinal direction selectivity, nor to date have any 
molecular differences been noted between On and Off SACs.  Therefore, how these two 
parallel visual processing pathways that utilize the same output neurons independently 
elaborate this circuitry was unknown. 
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To define molecular mechanisms that distinguish On from Off retinal direction-
selective circuitry, we analyzed the roles played by the transmembrane semaphorin 6A 
(Sema6A) and one of its receptors, PlexinA2 (PlexA2), in SAC development in vivo.  We 
find that Sema6A is expressed in On, but not Off, SACs, whereas its receptor, PlexA2, is 
expressed in both types of SACs.  Sema6A-PlexA2 signaling not only segregates On 
from Off SAC dendritic stratifications in vivo, but it also regulates the dendritic 
arborization of On, but not Off, SACs.  These robust and selective defects in On SAC 
dendritic morphology are accompanied by strong defects in the direction selective tuning 
of On, but not Off, direction-selective RGC responses in the mouse retina.  We also find 
defects in inhibitory, but not excitatory, On SAC responses to light.  The defects we 
observe in On SAC dendritic morphology, though fully penetrant and expressive, are 
quite distinct from those resulting from loss of protocadherin function (Lefebvre et al., 
2012), and our data here support the idea that transmembrane semaphorin signaling acts 
to establish SAC dendritic process symmetry very early in postnatal retinal development. 
The dendritic self-avoidance defects in Sema6A-/- and PlexA2-/- On SACs are confined to 
the distal-most third of dendritic processes (Figure 10 and 11), suggesting that Sema6A-
PlexA2 signaling might function locally during the early stage of SAC dendritic 
outgrowth and elaboration.  Therefore, it will be of great interest to determine the in situ 
distribution of Sema6A and PlexA2 along On SAC dendrites during development, and 
the spatial and temporal activation of these signaling events.      
My experiments reveal a developmental program by which these parallel but 
distinct motion detection pathways are established, and it shows that morphologically 
similar SAC subtypes utilize distinct molecules, in this case “classical” guidance cues, to 
	   186	  
regulate dendritic arborization and form proper connectivity with DSGCs.  It also 
provides the first evidence linking defects in the symmetric organization of SAC 
dendritic processes to appropriate DSGC output, and it should provide a foundation for 
future work directed toward understanding wiring mechanisms critical for retinal 
direction selective circuitry. 
 
Guidance-cue Signaling Controls the Development of the Accessory 
Optic System and Regulates Compensatory Eye Movements 
Through extensive expression analyses, phenotypic characterization, and 
behavioral assessments, my thesis work uncovered molecular mechanisms underlying the 
development and functional assembly of certain components of the mammalian accessory 
optic visual system.  Despite its name, the accessory optic system (AOS) belongs to the 
primary visual system and executes distinct visual functions (Simpson, 1984).  In my 
work I addressed a long-standing question in the field: what is the molecular machinery 
that establishes neuronal connectivity between On DSGCs and their AOS brain targets?  
Important advances in this field include the characterization of genetic tools that allow 
for the specific labeling of subpopulations of On DSGCs, and subsequent physiological 
characterization of each population and their contribution to specific AOS behaviors 
(Dhande et al., 2013; Yonehara et al., 2009; Yonehara et al., 2008). How different 
populations of On DSGCs reach their distinct brain targets and establish correct neuronal 
connectivity remain to be elucidated.     
To identify the molecular mechanisms underlying the development of AOS 
circuits, I undertook a candidate approach by focusing on the transmembrane sempahorin, 
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Sema6A.  I made this choice since Sema6A is expressed by On SACs and RGCs and is 
essential for the functional assembly of retina direction-selective circuits (Matsuoka et al., 
2011b; Sun et al., 2013).  Through extensive expression analyses, I found that Sema6A is 
expressed in SPGI1::GFP+ and Hoxd10-GFP+ On DSGCs, two well-characterized On 
DSGC markers (Dhande et al., 2013; Yonehara et al., 2009; Yonehara et al., 2008).  In 
the absence of Sema6A, On DSGCs failed to innervate one of their main brain targets, 
the MTN.  This lack of innervation further results in enhanced cell apoptosis of On 
DSGCs in the retina and greatly compromised vertical OKR, the MTN-mediated visual 
behavior.  Importantly, Sema6A is not expressed by TRHR-GFP+ or DRD4-GFP+ On-
Off DSGCs, and it is not required for their retinorecipient targeting in the brain, or their 
survival.  I then discovered that the two known binding partners for Sema6A, the 
receptors PlexA2 and PlexA4, function in concert to regulate Sema6A-dependent On 
DSGC-MTN innervation.  These observations provide some of the first insights into the 
molecular mechanism that governs the development of neuronal connectivity in the 
accessory optic system.  They also provide strong support for “reverse” semaphorin 
signaling in AOS axon guidance and targeting events, shedding light on basic principles 
mediating retinorecipient targeting of other population of RGCs.    
 DSGC-AOS targets wiring and the establishment of retinal direction-selective 
circuits are interconnected development events.  On DSGCs and a subpopulation of On-
Off DSGCs project their axons to innervate AOS central brain targets during late 
embryogenesis; early postnatally, DSGCs extend their dendrites into the IPL and co-
stratify with SAC processes, receiving the inhibitory inputs and computing directional 
information.  The accurate connectivity from SACs to DSGCs and then to AOS brain 
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targets is essential for animals to perceive image motion, convey the information to the 
brain, and then execute specific visual behaviors.  My experiments demonstrated that a 
versatile molecule, Sema6A, is involved in both developmental events however it 
functions using distinct mechanisms; reverse, attractive/permissive, PlexA2/A4-Sema6A 
signaling mediates AOS retinorecipient targeting, whereas forward, repulsive, Sema6A-
PlexA2 signaling dictates SAC dendritic stratification and arborization, and further 
assembles retinal direction-selective circuits.  It will be of great interest to determine how 
these signaling pathways have evolved during visual system development, and what 
downstream signaling components differentiate the opposing effects mediated by the 
same molecule, in the case Sema6A.  
 
Cas Adaptor Proteins Organize the Retinal Ganglion Cell Layer 
Downstream of Integrin Signaling 
My thesis work begins to answer a long-standing question in the field of 
developmental neuroscience: what are the molecular mechanisms that underlie neural 
stratification and lamination in the retina?  This is a very early step in retinal circuit 
assembly, given that the cell bodies of retinal neurons need to first migrate and reside in 
the correct position before they project dendrites and axons to establish correct neuronal 
connectivity.  In recent years much progress has been made in this area, however, the 
molecular mechanisms that direct RGCs to form a single-layered GCL from the 
multilayered INbL remain to be elucidated.  Recent studies, including work from the 
Harris laboratory (Randlett et al., 2011), suggest that the ECM component, laminin, is 
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involved in guiding and orienting RGC progenitors as they migrate to their final position 
in the retina, and it is also required for the establishment of a single GCL. 
To uncover signaling events critical for RGC migration and stratification, we 
studied how one laminin receptor, β1-Integrin, functions during GCL establishment.  β1-
Integrin is highly expressed in the INbL and is required for proper stratification of the 
GCL.  In β1-integrin-/- mutant mice, retinal neurons form ectopic clusters, or “rosette 
structures,” beyond the basal lamina of the inner limiting membrane (ILM).  How is 
integrin signaling transduced within migrating RGC and amacrine cell (AC) progenitors?  
Cas signaling adaptor proteins have been long hypothesized to mediate integrin signal 
transduction during neural development.  We took a genetic approach to investigate the 
role of Cas proteins downstream of β1-Integrin during retinal development.  
Phosphorylated (“active”) p130Cas is enriched in the proximity of the ILM basal lamina, 
and its phosphorylation is dependent on β1-Integrin in vivo.  Furthermore, Cas retinal 
triple conditional knock-out mice (Cas TcKO—removing the three Cas family proteins in 
mice) display ectopic multilayered clusters of RGCs and ACs that form beyond the IML, 
phenocopying the β1-integrin-/- mutants.  This study provides the first genetic in vivo 
evidence that Cas adaptor proteins act downstream of integrin signaling during 
mammalian development, and it reveals an essential role for Cas adaptor proteins in 
mediating integrin signaling during the formation of a single-cell GCL.   
My findings here provide an example showing how permissive ECM-neuronal 
interactions determine cell body positioning.  It will be of interest to determine whether 
similar molecular mechanisms govern neuronal lamination in the other regions of the 
nervous system.  At later retinal developmental stages, repulsive Sema5A/5B-PlexA1/A3 
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signaling dictates the lamination of inner nuclear layer and regulates the stratification of 
certain retinal neuron processes (Matsuoka et al., 2011a).  Do the phenotypes observed in 
Sema5A-/-; 5B-/- and PlexA1-/-; A3-/- double mutants result from disrupted neuronal 
process interactions, miss-migration of neuronal cell bodies, or both?  What are the 
downstream signaling cascades mediating these developmental events?  Addressing these 
questions with future studies will advance our understanding of how the mammalian 
retina establishes its laminated structure and how the nervous system is organized in 
general.           
 
Concluding Remarks 
In conclusion, through genetic, cellular, molecular, and physiological studies, I 
have described several molecular mechanisms underlying the multi-stage process of 
neural circuit assembly in the mammalian visual system.  With respect to early retinal 
development, my thesis work identified cytosolic Cas adaptor-signaling proteins as 
essential components downstream of integrin receptors that regulate the migration of 
retinal neurons.  Intact Integrin-Cas signaling facilitates the formation of a single-layer 
GCL, thereby providing a structural basis for retinal circuit assembly.  With respect to 
later aspects of retinal development, I focused on the development and function of a 
particular retinal circuit devoted to direction-selective responses.  My thesis work 
determined the roles played by the transmembrane guidance cue Sema6A and its binding 
partners PlexA2 and PlexA4 in two distinct aspects of retinal circuit assembly.  Sema6A 
is differentially expressed by On SACs but not Off SACs, and it is required for the 
segregation of On versus Off retinal pathways and morphogenesis of On SACs through 
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its receptor PlexA2.  Sema6A is utilized again by On DSGCs via PlexA2/A4-dependnent 
mechanism to establish On DSGC axonal projections to their midbrain targets.  
Interestingly, the mechanism underlying retinorecipient targeting of On DSGCs is 
different from the one used by On SACs for dendritic stratification and arborization since 
PlexA2/A4 are expressed in the MTN and function using Sema6A as a receptor to attract 
On DSGCs in vitro and, most likely, in vivo.  In sum, my studies using retina and 
retinorecipient targets in the brain as model systems revealed distinct molecular 
machinaries that governs the lamination of neuronal cell bodies, the stratification and 
arborization of neuronal processes, and the connectivity between pre- and post-synaptic 
neurons.  
My findings provide a foundation for future studies devoted to uncovering the 
entire spectrum of molecules and signaling events required for retinal cell migration, 
dendritic stratification, RGC axon guidance, retinorecipient targeting, and retinal 
regeneration.  Our functional studies and observations in the mammalian retina also 
enrich our knowledge of basic principles underlying neural circuit assembly, thereby 
advancing our understanding of the establishment of neuronal connectivity across the 
entire nervous system.  
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